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Abstract
Heat transfer characteristics of solar flat-plate collectors are improved by applying various nanofluids as the heat transfer

media nowadays. In the present work, the theoretical and experimental analysis was performed for a flat-plate solar

collector operating with water and CeO2/water nanofluid as the working fluids. The flat-plate solar water heater with 100 L

per day capacity along with ladder-type heat exchanger having collector area of 2 m2 is fabricated for the experimental

study. The average particle size and volume fraction of nanofluids were considered as 25 nm and 0.01%, respectively. The

flow rate of water and nanofluid was varied from 1 to 3 lpm, and the efficiency was calculated as per ASHRAE standards.

Due to the enhanced thermophysical properties of the nanofluid, it gives better performance and results showing that the

maximum efficiency of solar water heater with CeO2/water nanofluid is 78.2%, which is 21.5% higher when compared with

the water as base fluid. Also a correlation was developed for predicting the outlet temperature of a flat-plate collector. The

maximum collector efficiency of nanofluid was obtained at the optimum mass flow rate of 2 lpm in experimental study.

The developed mathematical model was reasonably matching the experimental results with the error of ± 7.5%.
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List of symbols

Ac Surface area of solar collector (m2)

Cp Specific heat at constant pressure (J kg-1 K-1)

GT Global solar radiation (W m-2)

_m Mass flow rate of fluid flow (kg s-1)

Ta Ambient temperature (�C)
Ti Inlet fluid temperature of solar collector (�C)
To Outlet fluid temperature of solar collector (�C)
Qu Rate of useful energy gained (W)

FR Heat removal factor

Q Flow rate (lpm)

S Received solar radiation (W m-2)

l Viscosity (kg m-1 s-1)

K Thermal conductivity (W m-1 K-1)

q Density (kg m-3)

Ng Number of glass covers

Tp Mean temperature of the plate (�C)
UL Overall heat loss coefficient (W m-2 K-1)

hcca Convective heat transfer coefficient between cover

and air (W m-2K-1)

hrca Radiative heat transfer coefficient between cover

and air (W m-2 K-1)

hcpc Convective heat transfer coefficient between plate

and cover (W m-2 K-1)

hrpc Radiative heat transfer coefficient between plate and

cover (W m-2 K-1)

Greek symbols
a Transmittance of glass cover

s Absorptance of plate

Subscripts
ave average

nf nanofluid

bf base fluids

np nanoparticle

exp experimental

theo theoretical
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Introduction

Non-conventional energy sources play a vital role in the

current world economy because these energies are clean,

safe and sustainable. Solar energy is one of the renewable

energies which are unlimited free source of energy that can

be harnessed in the future energy needs without affecting

the atmosphere. The critical problem in the solar water

heater is efficient use of solar thermal utilization. It is

possible that the efficiency can be improved by optimizing

the structure of solar collector or developing a new type of

working fluid. Currently, water is being used widely as a

working medium in conventional flat-plate solar water

heating systems. But the thermal characteristics of water

are so poor that the performance enhancement cannot be

improved to satisfactory level.

Sujit Kumar Verma and Arun Kumar Tiwari analysed

the various research works using nanoparticles mixed in

base fluids in solar collectors carried out by many

researchers during last one decade and mentioned that

nanofluids have great potential for thermal systems [1]. At

present, more researchers have been involved to enrich the

performance of solar water heaters by using the different

type of nanofluids as working medium [2]. Fuskele et al.

[3] have reviewed the various methods of preparing

nanofluids and their synthesis which were carried out by

many researchers during last one decade. They have

revealed that most of researchers have prepared metal

oxide nanofluids by two-step process as it gives more

stability during long run. Also they have expressed that

hybrid nanofluids have shown improvement in their ther-

mophysical properties. Generally the thermal conductivity

of the metals when they are in solid phase is higher than

that of fluid phase [4]. In order to increase the outlet

temperature and performance, high thermal property

nanoparticles is mixed with the primary working fluid to

form nanofluids, thereby improving the effective thermal

conductivity of the primary fluid [5, 6]. Srivastva et al. [7]

have reviewed research works carried out by various

researchers and revealed that most of them formulate the

heat transfer fluids by evaluating their thermophysical

properties of viscosity and thermal conductivity but at

lower temperature ranges only with the help of different

equipments. Also they found that most of the researches are

directed at development of high-performing nanofluids.

The thermal efficiency of solar collector using nanofluids

depends on several thermophysical properties of nanopar-

ticle such as shape, pH, particle diameter, thermal con-

ductivity, viscosity, volume concentration and specific

heat. The use of nanoparticle results in higher thermal

efficiency due to the efficient absorption of thermal energy

and enhanced radioactive properties of nanofluids [8].

Metal oxide nanoparticles release metal ions in aquatic

systems undergoing physical–chemical and biological

processes. Particle shape, size, coating, salinity, composi-

tion ions, UV irradiation and the presence of contaminants

are all factors affecting transformation processes of metal

oxide nanoparticles in heterogeneous systems [9].

The effect of copper nanoparticle on a flat-plate solar

collector with various volume flow rates and weight frac-

tions was studied by Zamzamian [10] and observed that

maximum efficiency has been achieved at 0.3 mass% Cu

nanofluid at 1.5 lpm. In another investigation, it was seen

that the thermal performance of solar water heater using

CuO/water nanofluid prepared with low volume concen-

tration of 0.05% has improved to the tune of 6.3% [11].

Moghadam et al. [12] have investigated experimentally to

study the effect of CuO/water nanofluid having 40-nm

particle size and found that nanofluid having 0.4% volume

fraction with 1 kg/min has increased the collector effi-

ciency up to 21.8% when compared with its base fluid.

He et al. [13] have studied the effect of Cu–H2O nanofluids

having 25-nm particle size with 0.1 and 0.2 mass%,

respectively, as the absorbing medium and revealed that

the efficiency of solar collector was enhanced by 23.83%

for 0.1 mass%. Menbari et al. [14] have studied, both

analytically and experimentally, the effect of CuO/water

nanofluid on the performance of a direct absorption para-

bolic collector. The results have shown that the thermal

efficiency of the system could be improved from 18% to

52% by increasing volume fraction of nanoparticle from

0.002% to 0.008%. Tooraj et al. [15] have studied the

performance of flat-plate solar water heater experimentally

using 15-nm size nanoparticles with 0.2% weight fraction

of Al2O3/water nanofluid with the help of Triton X100

surfactant and observed that 28.3% enhancement in ther-

mal efficiency. In another experiment carried out by

Gangadevi et al. [16], they found that low volume fraction

nanofluids have shown better results when experimented

with Al2O3 and TiO2 nanofluids. An experimental study

was performed by Raei et al. [17] to investigate the effects

of c-Al2O3/water nanofluid on the hydrodynamics and

convective heat transfer of a counterflow double-tube heat

exchanger at three different flow rates 7, 9 and 11 lpm with

0.05 and 0.15% of nanoparticle volume concentrations.

They found that the greatest enhancement in the heat

transfer coefficient and the friction factor was obtained at

0.15% volume concentration of nanoparticles. Gupta et al.

[18] carried out an experimental study to investigate the

effect of 20-nm size of Al2O3–H2O nanofluid in direct

absorption solar collector with 0.005% volume fraction at

three flow rates and found that enhancement in the
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efficiency of the collector reached up to 8.1% with the

volume flow rate of 1.5 lpm. In another experimental

investigation, Colangelo et al. [19] used Al2O3/distilled

water nanofluid at 3.0% volume concentration in a modi-

fied flat-panel solar thermal collector and achieved an

increase in thermal efficiency about 11.7% compared to

water as base fluid. In the same manner, Mahian et al. [20]

conducted a theoretical study on the performance of Al2O3/

water nanofluid in a flat-plate solar collector for different

particle sizes and volume concentration. Verma et al. [21]

have studied the impact of mass flow rate and particle

volume fraction using MgO nanofluid on the efficiency of

the collector experimentally and observed an efficiency

enhancement of about 9.34% in comparison with water as

working fluid for 0.75% particle volume fraction at 1.5 lpm

volume flow rate. Meibodi et al. [22] have studied the

entropy generation analysis of a flat-plate solar collector

using SiO2/ethylene glycol–water nanofluids as base fluids

and revealed that entropy generation parameter reduces

with increase in nanofluid concentration. Also it was found

that exergy efficiency increased for 1 lpm mass flow rate

and decreased for further increase in mass flow rate.

It has been observed that for graphene oxide nanofluid

with mass concentration 0.02 and a flow rate of

0.0167 kg s-1, the improvement in the collector efficiency

was 7.3% over that of the distilled water [23]. Improve-

ment in thermal conductivity has been achieved up to 32%

by mixing only 150 ppm functionalized carbon nanotubes

to water and it has increased the overall efficiency of direct

absorption solar collectors [24]. Natarajan and Sathish [25]

have investigated that the use of nanoparticle and carbon

nanotube enhanced the efficiency of solar water heater due

to the enhanced absorption of solar energy. Since Al2O3

and carbon nanotubes have superior thermal conductivity

in addition to low density, many research works are being

carried out at present. Estelle et al. [26] investigated the

thermophysical properties and convective heat transfer

performance of CNT at 45 �C in a coaxial heat exchanger

working in concurrent flow considering water–ethylene

glycol as base fluid and lignin as surfactant. The results

have shown that the presence of ethylene glycol plus water

as base fluid and higher nanoparticle content can be suit-

able for the best heat transfer applications. Delfani et al.

[27] have studied the effect of residential-type direct

absorption solar collector using MWCNT nanofluid with

the various flow rates and 100 ppm volume fraction. The

results show that the highest collector efficiency was

achieved at the flow rate of 90 LPH and it was about 29%

more than that of the base fluid at same flow rate.

Pandey et al. [28] evaluated the thermal performance of

direct flow evacuated tube collector-based solar water

heating system by utilizing the concept of energy and

exergy analyses. They varied the volume flow rates from

10 LPH to 30 LPH in steps of 5 LPH. They found that the

performance was maximum for 15 LPH and minimum for

30 LPH. Also they revealed that energy efficiency was

higher than exergy efficiency for all the volume flow rates.

Many researchers tried to establish various theories in

order to understand the behaviour of nanoparticles through

various parameters such as heat transfer coefficient, parti-

cle size and extinction coefficient. [29]. Brownian motion

and thermophoresis were also developed [30] for the above

theories. The efficiency, cost, savings, size, environmental

impact and payback period of a flat-plate solar collector

were estimated for various nanofluids [31] and concluded

that nanofluid decreases the carbon emission and embodied

energy by approximately 3 and 9%, respectively [32].

Hama et al. [33] have studied the overall heat transfer

coefficient of various nanofluids Al2O3, TiO2, Fe2O3, CuO,

CNT and SiO2, with the limitation of the dispersion sta-

bility and found that the nanofluids Fe2O3 and CuO were

superior to other nanofluids with respect to the enhance-

ment of the overall heat transfer coefficient. Koa et al. [34]

have synthesized CeO2-covered nanofiber through amine

group immobilization onto an electro-spun polyacryloni-

trile nanofiber. It was found that CeO2-covered nanofiber

played an effective role in lowering the phosphate ions in

an aqueous solution by the oxidation, reduction and ion-

exchange processes in lakes and rivers to prevent water

eutrophication.

Even though, in the past many research works have been

carried out with various nanofluids by considering con-

centration from 0.05 to 4%, most of them have concluded

that optimum efficiency was obtained in the lower con-

centration for various reasons. The CeO2 is an economi-

cally feasible commercial nanoparticle when compared to

the cost of CuO, TiO2, SiO2 etc. Since CeO2/water is a

chemically inert nanofluid with copper material and has

superior thermal conductivity [35] in addition to low

specific heat, it has been considered as working fluid with

lower volume concentration of 0.01% in the present study.

The main objective of this study is to find the effect of

volume flow rate with lower volume concentration of

CeO2/water nanofluid on the performance of flat-plate solar

collector both experimentally and theoretically.

Solar water heating system

Development of experimental setup

The schematic diagram of the solar water heating system is

shown in Fig. 1. The experimental setup consists of flat-

plate solar collector, storage tank and ladder-type heat

exchanger. The dimensions of the solar collector are 2 m

long, 1 m wide and 0.15 m high, and the area of the

Experimental and theoretical investigation on the effects of lower concentration CeO2/water…

123



collector is 2 m2. A copper sheet of 0.45 mm thick is used

as the absorber plate, and a transparent glass of 4 mm thick

is used to cover the collector in order to reduce the loss of

radiation. The absorber plate is painted with black to

absorb maximum solar radiation. The gap between the

absorber plate and glass cover is 30 mm. The collector

bottom and side are insulated using glass wool with a

thickness of 50 and 25 mm, respectively, to reduce the heat

loss by convection. The storage tank consists of an inner

tank and an outer tank with 100-mm gap between two

tanks, which are filled by glass wool in order to reduce the

heat losses from the hot water to atmosphere. The solar

collector which consists of nine parallel tubes (risers) of

10 mm diameter on the backside of the absorber plate is

connected at the top and bottom by headers to provide

homogeneous flow distribution and static pressure at inlet

and outlet section. The photographic view of the experi-

mental setup shown in Fig. 2 was fabricated and installed

at Solar Energy Research Centre, Coimbatore Institute of

Engineering and Technology. The experimental investiga-

tions were conducted with various parameters under the

meteorological conditions of Coimbatore, India (latitude of

11.0183�N; longitude of 76.9725�E) during the months of

March and April 2016. The experiments were conducted

day to day, and based on the solar radiation similarity

pattern, the data were selected and presented in this study

to get concurrent results. The specifications of the solar

collector are given in Table 1. The experimental setup is

fabricated with suitable and reliable measuring instruments

in order to study the performance of flat-plate solar water

heating system. Before conducting the experiments, the

nanofluid of 8.5 L was prepared and filled into heat

exchanger circuit with the help of makeup tank. The stor-

age tank was filled with water so that heat can be absorbed

from the heat exchanger in forced circulation. An electrical

pump was employed to pump the nanofluids for circulation

in the heat exchanger. A flow control valve and rotameter

were used to control and measure the flow rate of working

fluid, respectively. The experiments were conducted as per

ASHRAE standards, and the analysis was performed based

on real and consistent meteorological data recorded every

30 min of interval from the period of 9:00–16:00 h during

Over head tank

Hot water outlet temperature

Water inlet temperature

Top header temperature

Closed

Flat plate collector

Intermediate temperature

Fin temperature

Tank

Nanofluid makeup tank

Heat exchanger
outlet temperature

Flow meter

Riser tube with fins

Flow control valve

Pump

Bottom header temperature

Air vent

Fig. 1 Schematic diagram of

the experimental setup

Fig. 2 Photographic view of the experimental setup
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the investigation. Thermocouples of K-type having an

accuracy of ± 0.5 �C have been placed at eight locations

of the experimental setup consisting of heat exchanger,

solar collector and storage tank for measuring the tem-

peratures of water flowing through the system and con-

nected with an eight channel digital temperature indicator

having a resolution of ± 0.1 �C. Solar power meter

(Make—TES Electrical electronics, Model-1333, Range

- 1 to 2000 W m-2) with an accuracy ± 10 W m-2 is

used to measure solar intensity.

Preparation of nanofluid

Commercial spherical shape cerium oxide powders with

99.5% of purity with an average diameter of 25 nm mixed

with water as a base fluid was used in this study. The

required quantity of working fluids to be circulated through

the system is 8.5 L. For preparing a CeO2/water nanofluid

with 0.01% volume fraction, the quantity of nanoparticles

was estimated to be 0.713 g. Using a magnetic stirrer, the

required amount of CeO2 nanoparticles was slowly added

with water while maintaining constant stirring for about

half an hour initially. For obtaining a homogeneous mix-

ture, once again the prepared solution was sonicated con-

tinuously using ultrasonic vibrator for another 30 min

approximately with a frequency range from 15 to 100 Hz,

thereby breaking down the agglomeration of CeO2

nanoparticles and water. The properties of nanoparticle,

base fluid and CeO2/water nanofluid are indicated in

Table 2.

Determination of efficiency

The useful energy gain (Qu) was determined based on the

energy absorbed by the absorber and the energy lost from

the absorber by using following Eqs. (1) and (2).

Qu ¼ _m Cp To � Tið Þ ð1Þ

where _m and Cp denote mass flow rate and heat capacity of

fluid and To and Ti are the outlet and inlet fluid tempera-

tures, respectively.

Qu ¼ FR GT sað Þ � AC � UlAC Ti � Tað Þ½ � ð2Þ

where FR is heat removal factor, which can be expressed

by Eq. (3).

FR ¼ _m Cp Ti � Tað Þ
�
GT sað Þ � AC � Ul AC Ti � Tað Þ

ð3Þ

where ‘‘AC’’ is surface area of the collector, sað Þ is the

absorptance and transmittance product, GT is the global

solar radiation,Ul is the overall loss coefficient of solar

collector and Ta is the ambient temperature. In Eq. (3),

actual gain of the collector has been related to the useful

energy gain by the collector considering the collector sur-

face temperature as same as that of the fluid inlet tem-

perature. The collector efficiency (g) is used to measure the

flat-plate collector performance which may be defined as

the ratio of the useful energy gain (Qu) to the incident solar

energy over a particular time period. Moreover, the thermal

efficiency (g) can be obtained by dividing Qu by the energy

input (AC�GT) as in Eq. (4)

g ¼ FR GT sað Þ � AC � UlAC Ti � Tað Þ½ � =AC GT ð4Þ

Table 1 Specifications of flat-plate solar collector for the experi-

mental study

Sl. no. Description Dimension

1 Length of the collector 2000 mm

2 Width of the collector 1000 mm

4 Collector tilt angle 15�
5 Thickness of back insulation 50 mm

6 Thickness of edge insulation 25 mm

7 Absorber plate thickness 0.454 mm

8 Thermal conductivity of the absorber

plate

386 Wm-1 K-1

9 Emissivity of absorber plate 0.95

11 Thickness of the glass cover 4 mm

12 Emissivity of glass cover 0.88

13 Tube spacing between risers (9 nos) 95 mm

14 Inner diameter of the riser pipe 9.5 mm

15 Outer diameter of the riser pipe 10 mm

16 Header pipe diameter 25 mm

Table 2 Properties of the base fluid, cerium oxide nanoparticle and CeO2/water nanofluid

Sl. no. Material Thermal conductivity/

Wm-1 K-1
Specific heat/

J kg-1 K-1
Viscosity /

kg m-1 s-1
Density/

kg m-3

1 Water 0.52 4187 0.000620 1000

2 CeO2 12 460 – 7132

3 CeO2/water nanofluid

(0.01%)

0.681 4044 0.000690 1008
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Embodied energy and economic analysis

In order to calculate the embodied energy consumption, the

energy consumed for manufacturing of solar collector has

been considered. The analysis is done due to the reduction

in collector area which is the functional unit that influences

the overall weight and embodied energy of the collector.

By considering the thermal performance of the solar col-

lector, the reduction in the size of collector’s area can be

estimated by

AC ¼ _m Cp To � Tið Þ
�
GTg ð5Þ

The glass having an embodied energy index of

15.9 MJ kg-1 and copper with that of 70.6 MJ kg-1

(Otanicar et al. [36]) are the two main materials used in the

manufacturing of solar collector with the weight ratio of

20-kg glass and 8-kg copper for a 28-kg solar collector.

When the solar collector is operated with CeO2/water

nanofluid, reduction in collector area of the material con-

sumption is also reduced based on which simple cost

analysis has been carried out.

Analytical modelling

In theoretical analysis, it has been assumed that all the

risers are parallel to each other and the centerlines joining

the absorber plate and risers are located in the same line

(refer Fig. 3). Performance of the flat-plate solar collector

using CeO2/water nanofluid as the working fluid is con-

sidered and compared with results of water as base fluid.

For calculating the thermophysical properties of nanoflu-

ids, the model given by Xuan et al. [37] is considered

which includes the aggregation and Brownian motion of

nanoparticles. This model is described as follows

knf

kbf
¼

knp þ 2kbf � 2u kbf � knp
� �

knp þ 2kbf þ u kbf � knp
� � þ

qpuCpf

2kbf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2KBTave

3pdnplbf

s

ð6Þ

in which l is the viscosity (kg m-1 s-1), k is the thermal

conductivity (W m-1 K-1), T is temperature (K), Cp is heat

capacity (J kg-1 K-1), q is density (kg m-3), ø is the

volume fraction of nanoparticles and dnp is particle size

(m). The subscripts of bf, nf and np denote for base fluid,

nanofluid and nanoparticle, respectively.

Thermal conductivity of water is computed from the

following relation as mentioned in [38]:

kbf ¼ 0:6067 � 1:26523þ 3:704
Tave

298:15

� ��

�1:43955
Tave

298:15

� �2
! ð7Þ

The average temperature of the fluid is defined as

Tave ¼ Tin � Tout

In Tin
Tout

� 	 ð8Þ

The viscosity is determined by Corcione correlation [39]

that can be used for volume fractions up to 10% and is

given as under:

lnf ¼
lbf

1� 34:37 dnp
dnf

� ��0:3
u1:03

ð9Þ

where dnf is the diameter of the molecule of base liquid and

it is defined as

dnf ¼ 0:1
6M

Npqf0

� �1
3

ð10Þ

in which N is Avogadro number, M is the molecular weight

of base fluid and qfo is the density of base fluid calculated

at 293 K. The viscosity of water as a function of temper-

ature is as follows [40]:

lbf ¼ 2:414� 10�5 � 10
247

ðTave�140Þ ð11Þ

The density of nanofluid and heat capacity of nanofluid can

be calculated using the relations mentioned in [40]:

qnfqbf 1� uð Þ þ qnpu ð12Þ

Cp;nf ¼
qbfCpf 1� uð Þ þ qnpCnp;pu

qnf
ð13Þ

where Cp,np, Heat capacity of nanoparticle, Cp,nf, Heat

capacity of nanofluid, Cp�bf, Heat capacity of base fluid and

u, Volume fraction of nanoparticle (%).

First law analysis

During the absorption process of solar radiation, some

amount of energy is utilized by the working fluid (Qu) and

the remaining energy is dissipated to the surroundings as

ambient. For calculating the efficiency and outlet temper-

ature, the net heat loss to the ambient is to be estimated

first. The amount of energy strikes on the absorber plate is

given by the relation S = goGt where go is the optical

efficiency of the solar collector. The following equation

Riser tube

Absorber plate

Glass cover

Insulation

Fig. 3 Schematic layout of flat-plate solar collector
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gives the relationship between absorbed heat and heat

losses.

Qu ¼ AC S � Ul Tp � Ta
� �
 �

ð14Þ

where Ac is the surface area of collector (m
2), Tp and Ta are

absorber plate temperature and ambient temperature,

respectively. Overall heat loss coefficient UL can be

determined as [41] with the assumption that all the heat

losses of the collector concentrate to a common sink tem-

perature Ta:

UL ¼ Ut þ Ub þ Ue ð15Þ

where Ut is the heat loss coefficient from the top, Ub is the

heat loss coefficient from the bottom and Ue is the heat loss

coefficient from the edges of collector. To find Ut, the

following correlation can be used as [42]:

Ut ¼
1
Ng

C
Tp

Tp�Ta
Ngþs

h i0:33

þ 1
hW

þ
r T2

p þ T2
a

� 	
Tp þ Ta
� �

1

ep þ 0:05Ng 1�epð Þ þ
2Ngþs�1

eg
� Ng

ð16Þ

where Ng is the number of glass covers and it is taken as

unity for the current paper, r is Stefan–Boltzmann constant

and ep and eg are the emissivity of the plate and glass,

respectively. The parameter of hW is the wind heat transfer

coefficient and is found by:

hw ¼ 8:6V0:6
W

L0:4
ð17Þ

where L and Vw denote the length of collector and wind

velocity, respectively. Also the value of hw is taken as

5 W m-2 K-1 in case the calculated value of hw is less

than 5 while using the above equations. Incidentally, it also

indicates the heat transfer coefficient of still air

[42].Moreover, the constants of s and C are calculated by:

s ¼ 1� 0:04hw þ 0:0005hw
2

� �
1þ 0:091Ng

� �
ð18Þ

C ¼ 365:9 1� 0:00883bþ 0:0001298b2
� �

ð19Þ

where b is the collector slope.

The main heat losses occur from the top. To determine

the heat losses from the bottom and edges, following

equations is used.

Heat loss coefficient from bottom is found by

Ub ¼
1

tb
kb
þ 1

hb;a

ð20Þ

and heat loss coefficient from edges is calculated by

Ue ¼
1

te
ke
þ 1

he;a

Ae

Ac

ð21Þ

where kb, Thermal conductivity of insulator in bottom

surface; ke, Thermal conductivity of insulator in edges; Ae,

Surface area of edges; tb, Thickness of insulator in bottom

area; te, Thickness of insulator edge.

Moreover, the values of hb,a and he,a are assumed to be

5 W m-2 K-1 which represents the convection heat

transfer coefficients in the bottom and edges, respectively.

An initial value of Tp is assumed for estimating the quan-

tities of UL and Qu. Then by using iterative method and the

following equations, the value of Tp is corrected.

Tp ¼ Tin þ
Qu

AcFRUL

1� FRð Þ ð22Þ

The criterion that is used for the iterative process is

given bellow

Tp
� �

aume
� Tp
� �

find

Tp
� �

find

�����

�����
� 10�5 ð23Þ

where FR is heat removal coefficient and is mentioned as

[42]:

FR ¼ _mCp

AcUL

1� exp �ULF
0Ac

_mCp

� � �
ð24Þ

in the above relation F0 is the collector efficiency factor and
is as follows [42]:

F
0 ¼

1
UL

W 1
UL DþðW�DÞF½ � þ 1

pDihfi

h i ð25Þ

where D is the outer diameter of risers, Di is the inner

diameter of risers, W is tube spacing and F is standard fin

efficiency that is calculated by:

F ¼ tanh m W � Dð Þ=2½ �
m W � Dð Þ=2 ð26Þ

where m ¼
ffiffiffiffiffiffi
Ul

kcbt

q
in which kc and bt are thermal conduc-

tivity and thickness of absorber plate, respectively. To

obtain the internal heat transfer coefficient (hfi), for laminar

flow conditions

hfi ¼
48knf

11Di

ð27Þ

Reynolds and Prandtl numbers are defined as:

Re ¼
4 _mr

pDilnf
ð28Þ

Pr ¼ lnfCp;nf

knf
ð29Þ

The Reynolds number is in terms of mass flow rate in any

riser ( _mr).

By using MATLAB codes, all the above equations are

solved in addition to computing mean temperature of the

absorber plate. At the end, the outlet temperature of fluid

can be calculated using the following relation
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Tout ¼ Tin þ
Qu

_mCp

ð30Þ

The thermal efficiency of flat-plate solar collector can be

found as [42]:

Efficiency ¼ Qu

AcGt

� 100 ð31Þ

Equations for analytical modelling that have been devel-

oped above are solved using MATLAB code, and its exe-

cution procedure is shown in Fig. 4 The thermal network

diagram for flat-plate collector is shown in Fig. 5.

Uncertainty analysis

Uncertainty is required in order to establish the accuracy of

the experiments. In any experiment, the measured quanti-

ties are subjected to uncertainties or error. The systematic

and random errors can be caused by various factors.

According to the guidelines of ASME, there will be some

errors in the accuracy of instruments due to various reasons

such as calibration errors, lack of maintenance of recording

instruments, precision of thermocouples, inaccuracy in

flow rate measurements and solar intensity measurements

and scatter uncertainties. As per Eq. 32 [11], the efficiency

of flat-plate solar collector is directly proportional to mass

flow rate of nanofluid ( _m), temperature difference between

the outlet and inlet fluid (DT) and specific heat of the

nanofluid but inversely proportional to area of solar col-

lector and global solar radiation (GT).

Hence, the overall uncertainty equation can be followed:

Ugi

gi

� �2

¼ U _m

_m

� �2

þ UGT

GT

� �2

þ UDT

DT

� �2

ð32Þ

where U represents uncertainty.

The uncertainty given by the manufacturers of thermo-

couples and flow meter is ± 0.5 �C and ± 2%, respec-

tively. The average value of solar radiation was observed

as 755 W m-2 by digital solar power meter with an

accuracy of ± 10 W m-2. The accuracy of all the mea-

suring instruments is shown in Table 3. The maximum

uncertainty obtained in the current study in calculating the

collector efficiency from various tests was found to be

5.4%.

Results and discussion

All the recorded data were divided into several tests run by

choosing 30-min interval in order to obtain a quasi-steady-

state condition. The allowable variations in radiation

intensity, inlet, outlet and ambient temperatures in each test

interval are 25 W m-2, 0.5, 0.6, and 0.8 �C, respectively,

for satisfying the requirements of ASHRAE Standard

93-86. The flat-plate solar collector’s performance was

experimented with lower volume fraction of 0.01% and by

varying flow rates from 1 to 3 lpm. In the morning, up to a

certain time, the experimental curves are scattered due to

the weak morning sunshine and hence the temperature rise

in the collector will be minimum. Then during the peak

sunny period, the scatter reduces gradually with time when

the incident heat flux increases, thereby increasing the

outlet collector temperature and ambient temperature. The

experimental and theoretical results are exhibited in the

figures and equations that describe the collector efficiency

against a reduced temperature parameter (Ti - Ta)/GT for

each volume flow rate. The experimental and theoretical

data are fitted with linear trend line equations for studying

the characteristic parameters of the flat-plate solar collec-

tor. Figure 6 represents the solar intensity, the collector

outlet fluid temperature, the inlet fluid temperature of solar

collector and the ambient temperature versus time for

CeO2/water nanofluid at 1 lpm recorded on April 21, 2016

which was one of the clear sunny days.

Water as working medium

Experiments were conducted with water and CeO2/water

nanofluids as working fluid in flat-plate solar collector from

9:00 to 16:00 h. Figures 7 and 8 represent the relationship

between reduced temperature parameter and efficiency for

each flow rates with respect to experimental and analytical

results. The experimental data and analytical data are fitted

with linear trend line equations for describing characteristic

parameters such as the energy absorbed parameter FR(sa)
and the removed energy parameter FRUL of flat-plate solar

collector which are tabulated in Table 4. Absorbed energy

parameter FR(sa) is obtained by intersecting the trend line

with y-axis, and the collector efficiency is maximum at this

point. Energy removal factor FRUL is calculated by the

slope of trend line. Stagnation point also termed as zero

efficiency is the intersection point of the trend line with the

x-axis, and the situation happens when there is no fluid flow

in the collector. It is observed from Table 4, Figs. 7 and 8

that the energy absorbed parameter FR(sa) is maximum for

the flat-plate solar collector at the flow rate of 3 lpm in

both experimental and theoretical investigations, respec-

tively. Hence according to Eq. (4), the maximum efficiency

of the collector is 61.3% in the case experimental investi-

gations and 65.9% in theoretical investigation with an error

of ± 7.5%. When the flow rate is decreased from 3 lpm

efficiency of the collector, there is decrease because of the

decrement in heat capacity of the fluid and increase in

temperature difference. This leads to higher heat losses,

and there is an experimental and theoretical value corre-

sponding to decrement in the useful energy gain. The
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maximum energy removed parameter FRUL for experi-

mental and theoretical values for the flow rate of 3 lpm is

14.30 and 15.07, respectively. It is also observed that from

Table 4 the maximum error percentage is about ± 7.5%

when comparing both experimental and theoretical

investigations.

Effect of working nanofluid for different flow
rates

For any thermal system, efficiency is one of the most

deciding parameter. For a flat-plate collector solar water

heating system, the efficiency may be defined as the ratio

of the output energy given by the solar collector to the

STOP

Calculate Re, Pr, F’, UL, hfi

Calculate Heat Removal Factor FR 

Calculate Qu and Tp

Calculate Efficiency

Calculate Knf, μnf, ρ , Cpnf

Calculate and initialize Tp  = Tave

START 

Read Tin, Tout, T G ,  a , Kf,ρf, , L, W, 
Vw, Ng, tb, te, Di, Do, p

Update Tp

T
T

Tp asume – Tp calculated
Tp calculated

≤ 10–5

Fig. 4 Flow chart for MATLAB

program
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input energy supplied by solar radiation. The efficiency is

also determined by various other parameters like intensity

of solar radiation falling on the collector, product of

glazing’s transmittance, type of nanofluid, particle size,

volume concentration, inlet temperature of nanofluid, out-

side air temperature and absorbing plate’s absorptance.

Figures 9 and 10 show the variation of instantaneous col-

lector efficiency versus reduced temperature parameter

(Ti - Ta)/GT for CeO2/water nanofluid with various vol-

ume flow rates representing experimental and theoretical

analysis, respectively. The experimental and theoretical

data which have all the flow rates are fitted with linear

trend line equations for describing characteristic parame-

ters of flat-plate solar collector. It is seen from the Figs. 9

and 10 that CeO2/water nanofluid at the flow of 2 lpm gives

maximum efficiency of 78.2% for experimental study

whereas 76.7% in case of theoretical analysis. It is also

Ta

Ta

Ta

Tc

Tp

1/hcca

1/hcpc

1/hrca

1/hrpc

QU QU

S
1/UL

Fig. 5 Thermal network

diagram for flat-plate collector

Table 3 Specifications of measuring instruments

Sl. no. Instrument Specification/range Accuracy

1 Thermocouple K-type/0–200 �C ± 0.5/ �C
2 Solar power meter Class-A/

0–2000 W m-2
± 10/

W m-2

3 Flow meter 0–10 LPM ± 2%

4 Anemometer Cup type/0–15 m s-1 ± 0.2/m s-1
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observed that the trend lines with respect to 1 and 3 lpm

intersect at reduced temperature parameter (Ti - Ta)/GT

having a value of 0.018. The reason is that the operating of

solar collector will not be that much effective when the

reduced temperature parameter (Ti - Ta)/GT is greater than

0.018 in case of 3 lpm after which the efficiency of solar

collector gets decreased when compared to 1 lpm flow rate.

In case of theoretical analysis, the point of intersection of

those trend lines was observed at 0.028 which is slightly

higher. Figures 11–13 exhibit the effect of CeO2/water
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Fig. 8 Efficiency of the flat-
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Table 4 Values of FR(sa) and FRUL of the flat-plate collector at three flow rates with water as working fluid

Flow rate/lpm FRUL FR(sa) R2

Exp Theo Error % Exp Theo Error % Exp Theo

1 14.1 13.41 - 5.1 0.575 0.556 - 3.3 0.990 0.977

2 14.59 14.49 - 0.68 0.596 0.601 0.83 0.976 0.963

3 14.30 15.07 5.38 0.613 0.659 7.5 0.990 0.990
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nanofluid and water on the collector efficiency for 1, 2 and

3 lpm, respectively. It is seen that for all the selected flow

rates, the collector efficiency using nanofluid is much

higher than water as the base fluid. In the following

Table 5, the collector efficiency parameters of both

experimental and theoretical values of FR(sa) and FRUL

have been tabulated for all the volume flow rates of

working nanofluid. It is seen that the instantaneous col-

lector efficiency for CeO2/water nanofluid operating at 2

lpm is higher when compared with the efficiencies of the

collector operating at other two flow rates. This can be

deduced by comparing energy removal factor FRUL and

absorbed energy factor FR(sa) of all the flow rates of

nanofluids. It is observed that the efficiency of CeO2/water

nanofluid at 2 lpm is 21.5% higher than that of water as

base fluid and 4.4% enhancement when compared with

same working fluid with higher flow rate (3 lpm). It is

interesting to see that when the flow rate is increased from

2 to 3 lpm, there is a gradual decrease in the efficiencies of

the collector as given in Table 5. As per Eq. 4, the energy

absorbed parameter FR(sa) is dominant in the region of

lower temperature differences and the removed energy

parameter FRUL is dominant in the region of higher tem-

perature differences. At the flow rate of 2 lpm, the time of

circulation of the nanofluids in the collector is higher and

hence greater absorption of solar energy which leads to

more temperature rise thereby higher heat transfer rate. At

higher flow rates, the temperature rise in the fluid itself is

small due to lesser residence time of nanofluids and hence

lower heat transfer rate. It is also seen that collector
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efficiency increases with the increase in flow rate up to

certain limit after which it shows negative results. The

primary reason is Reynolds number increased with the

increase in flow rate, thereby increasing the velocity and

improvement in heat transfer coefficient. Beyond the cer-

tain limit, increased flow rate causes reduction in bulk

temperature of the nanofluids and hence the reduced

enhancement in thermal conductivity in the working fluids.

Moreover, it is observed that CeO2/water nanofluid with

lower volume of 0.01% provided more stability and

homogeneous mixture throughout the experimental inves-

tigation in the forced circulation study.

Heat transfer coefficient of any nanofluid depends on

both the thermal properties of a base fluid, the

hydrodynamic characteristics of its flow and its thermal

boundary conditions. For CeO2/water nanofluid with lower

volume of 0.01%, a mathematical equation (Eq. 27) has

been used for evaluating heat transfer coefficient for dif-

ferent volume flow rates and conditions. A graph has been

plotted between heat transfer coefficient and time for var-

ious flow rates of working fluid, and it is exhibited in

Fig. 14. It is observed from Fig. 14 that the heat transfer

coefficient values are decreasing when the flow rate is

increasing during laminar flow region. This is because

when the flow rate increases the bulk mean temperature is

decreased. Moreover, the thermal conductivity of the

working fluid is directly proportional to mean temperature as

per Eqs. 6 and 7. So when the thermal conductivity
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decreases heat transfer coefficient also decreased according

to Eq. 27.

For predicting dimensionless outlet temperature (Tout/

Ta) of the collector as a function of flow rate and reduced

temperature (Ti - Ta)/GT, a nonlinear regression software

Lab fit has been used to develop a correlation. The

regression analysis of the collector is shown in Fig. 15. The

outlet temperature of solar collector is directly proportional

to the density of the working fluid and inversely propor-

tional to the specific heat capacity of the fluid. CeO2/water

nanofluid has a low specific heat capacity, thereby pro-

viding the greater value of outlet temperature. Not only

specific heat capacity of the working fluid but also its

density plays an important role that determines the outlet

temperature of the collector. As CeO2/water nanofluid has

a higher density, it will have a lower flow velocity thereby

it can absorb higher thermal energy and consequently the

increased outlet temperature. The regression analysis gives

the following equation to predict the non-dimensional

outlet temperature as

Tout=Ta ¼ 0:2192 Ti�Ta=GTð Þð�0:02358þð�0:036577=QÞþ0:3053Q

ð33Þ

With a correlation coefficient value of R2 = 0.91, the

above equation can predict the outlet temperature with a

possible error of 9.6%.
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Table 5 Values of FR(sa) and FRUL of the flat-plate collector at three flow rates with CeO2/water working nanofluid

Flow rate/lpm FRUL FR(sa) R2

Exp Theo Error % Exp Theo Error % Exp Theo

1 13.97 15.18 7.9 0.682 0.692 1.46 0.990 0.989

2 14.84 15.71 5.8 0.782 0.767 - 1.9 0.976 0.992

3 17.22 17.25 0.1 0.747 0.751 0.5 0.990 0.983
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Energy and cost savings

When the solar collector is operated with CeO2/water

nanofluid, 25.2% of collector area can be reduced when

compared with the collector area of conventional solar

collector to obtain identical performance. Hence, it is seen

that the nanofluid-based solar collector is 11.2% lower than

the cost of water-operated solar collector due to reduction

in collector area. It was also calculated that the conven-

tional solar collector and CeO2/water nanofluid-based solar

collector consumes 882.8 and 626.8 MJ of embodied

energy, respectively, due to which about 28.9% of

embodied energy is saved when the solar collector is

operated with CeO2/water nanofluid.

Conclusions

The performance of flat-plate solar water heating system

was experimentally analysed with CeO2/water nanofluid as

working fluid for lower volume concentration of 0.01% and

by varying flow rate from 1 to 3 lpm. Also the performance

of solar collector has been analysed theoretically using

mathematical models for similar conditions. The results

have been compared with the performance of water as base

fluid both experimentally and theoretically. The enhance-

ment in the efficiency of solar collector at 2 lpm was found

to be 21.5% higher than that of water as base fluid in

experimental investigation. The same enhancement was

also observed during theoretical investigation with an error

of ± 7.5%. It was again observed that the performance of

solar collector using nanofluid is higher at all the flow rates

when compared with water as base fluid. When the flow

rate is increased from 2 to 3 lpm, the efficiency of the

system was found to be 4.4% lower due to the thermal

characteristics of the working fluid. During theoretical

investigations, it was found that the heat transfer coefficient

decreases with the increase in volume flow rate in laminar

flow region. Correlation for predicting non-dimensional

outlet temperature has also been developed using Lab fit

software with a possible error of 9.6% for the performance

of solar collector using CeO2/water nanofluid having lower

volume concentration of 0.01% in the current study.
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