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 الملخص: 
 في ةخاصممم لتطبرقاتافي الع ه  ط   تعتبر الطاقة الشمممة مممرة طبممم و  تبرعي  اقتبمممامك  لسطاقة هة   ا مممت  اط ا

الت  ط  ذلك الةحطسق   .مالةراتشممممم ر   ممممم ا ات  في ال  رارة لطاقةا كةرة كبررة ط ت ممممم ر  الةرام االةحاث  سرغ ت مممممت   

 لةا عاتح ممم  ط  خبممما     التي طحذ ظ لو ت حللليرا الحا ل  الةجةعات الشمممة مممرة ااتةاح الباس ر  ط  في  تلفرر الطاقة

لت تطبرقات ا تقا  الحراوة ا لا ط  الةرام  الزه في ا ممممممت  اط ا إلىرةرا رة اتج ت الأاحاث س ه ا الحراوهة  الفرزها رة  ال 

 عةسرا  اا ت  اح طا ع  ا ل ي  في اذا البحغ تم موا ة فماء طجةع شة ي .في الةجةعات الشة رة عاط كل رط   الجسر ل 

فيرهت التجاوب عسى ي اث الاختباو االةع   . عاط كل ممممرط  طقاو ة الحتا ج اا ممممت  اح الةاءتم )طاء + فك ممممر  اللطل رلح   

ط مممطا اا مممت  اح الةاء  طا ع الحا ل  شمممة ممميطجةع  اختباو فماءسرغ تم العالي لس ح  مممة  الت حللليرا اة هحة مطرات الج ه ة 

14.002.0ق وة  سجةياح ممممك تركرز  nm 40اقطر طتل ممممط فق  ط   الألةل رلحالةحتلى عسى يزهئات فك ممممر    .

لةجةع ازهامة   بة التركرز لجزهئات الحا ل في الل ط الةضرف )الةرام  تب  إلى ا كفاءةفظ رت الحتا ج ف ه هلي  تح   في 

طقاو ة  45% فن   مممممبة الزهامة في طعاط  ا تقا  الحراوة  االتلصمممممر  الفعا  هبممممم  إلى سلالي   = 0.14عح  20.7%

 . عاط الةاء كل رط اا ت  اح 

 

 

ABSTRACT 
Solar energy is a natural and economical source available to meet energy requirement for various 

purposes, especially for domestic ones where water heaters consume a considerable electric power. Solar collectors 

are therefore drawing the attention of all interested people rof saving energy. Since nanotechnology exhibits novel 

and significantly improved physical and chemical properties of nanofluids, workforce development is therefore 

very essential to reap the benefits of this nanotechnology in solar collector applications. The present work 

investigates experimentally the performance of a flat plate solar collector using ytic water as well as AL2O3-water 

based nanofluid as a working media. The test rig was developed at New Damietta higher institute of engineering 

& technology to carry out the experiments. Heat transfer rates were calculated using existing relationships in the 

literature for conventional fluids and nanofluids. The effect of nanoparticle concentration by volume,   on thermal 

conductivity of nanofluid and on the collector efficiency under operational conditions was investigated. The used 

concentration value was 14.002.0  . Solar collector efficiency on daily basis increased with the increase of 

nanoparticle concentration,  . At  =0.14, the increase in thermal conductivity of nanofluid was about 54% and 

in collector efficiency of about 20.7% compared with those when ytic water was used, respectively.   
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NOMENCLATURE 

A      Area, m2 

At      Total side and back area, m2 

Cp        Heat capacity, J/kg.K 

D      Tube diameter, m 

E       Voltage, V 

h       Heat transfer coefficient, W/m2.K 

I        Intensity of solar radiation, W/m2 

L       Length of the collector, m 

K      Thermal conductivity, W/m.K 

m      Mass, kg 

Nu    Nusselt number, dimensionless 

Q      Rate of absorbed heat, W 

T       Temperature, K 

V      Volume, m3 

wv      Wind speed, m/s 

W     Width of the collector, m 

Greek symbols 

       Emissivity, dimensionless 

      Difference  

σ      Stefan Boltzmann constant,         

5.67x10-8  W/m2.K4 

η      Efficiency 

      Volume fraction of nanoparticles, m3/m3 

 

ρ      Density, kg/m3 

μ      Dynamic viscosity, kg.m/s 

Subscripts 

a      Ambient 

bb    Back box  

bf     Base fluid 

bp    Back plate  

d      Daily 

eff   Effective 

G     Glass 

i       Inlet 

in     Instantaneous 

L      Loss 

L,b   Back losses 

L,c   Loss due to convection 

L,r   Loss due to radiation 

m     Mean  

nf     Nanofluid 

o      Outlet 

p      Particle 

t       Tank 

tot    Utilized in daily bases 

u      Utilized in half an hour (instantaneous) 

1,2   Initial & final, respectively 

 

 

 

1. INTRODUCTION 

The amount of solar energy which strikes the 

earth's surface in any given area depends on 

the location and weather conditions. But it 

averages out to around 1,000 W/m2, under 

good weather conditions, when the sun's 

rays are perpendicular to the earth's surface. 

We have often heard about power shortage 

and scarcity of energy but it is so unfortunate 

that several watts of energy everyday are 

being wasted.  Solar collector is therefore 

used in extracting the sun energy into more 

usable or storable form. 

A solar water heater is a device which is 

essential to any solar heating system. It 

gathers the sun's energy, converts it into 

heat, and then transfers the heat into 

absorbing medium. This device is mainly 

used in water heating systems, pool heaters, 

and space heating systems with a negligible 

maintenance cost. 

Solar water heaters are perhaps one of the 

most efficient ways for helping persons to 

get a sustainable lifestyle. Unlike other 

heating elements, solar water heaters keep 

the water hot throughout the day by making 

use of solar energy. The solar water heaters 

keep the water hot even in winter by 

producing minimum amount of energy.  

Solar energy has the greatest potential of all 

the sources of renewable energy of methods 

introduced to enhance the efficiency of the 

solar collectors. But the novel approach is to 

introduce the nanofluids as a working fluid 

instead of conventional heat transfer fluids 

(like water). The poor heat transfer 

properties of these conventional fluids 

compared to most solids are the primary 

obstacle to the high compactness and 

http://www.cnbg-solar.com/
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effectiveness of the system. The essential 

initiative is to seek the solid particles having 

thermal conductivity of several hundred 

times higher than those of conventional 

fluids. An innovative idea is to suspend 

ultrafine solid particles in the fluid for 

improving its thermal conductivity.  

The ideal thermal collector should 

efficiently absorb solar radiation in the 

wavelength range 0.25 < λ < 2.5 μm, 

minimize heat loss by convection and 

radiation and keep system fouling / clogging 

and pumping costs to a minimum.  

National Science Foundation [1] was the 

first to define nanotechnology. It is the 

creation and utilization of functional 

materials, systems with novel properties and 

functions that are achieved through the 

control of matter, atom-by-atom, and 

molecule by molecule or at the macro 

molecular level. A unique challenge exists to 

include nanoscale science and engineering 

concepts. The advances in nanotechnology 

have resulted in the development of a 

category of fluids termed nanofluids, first 

used by a group at the Argonne National 

Laboratory in 1995 [2]. Nanofluids are 

suspensions containing particles that are 

significantly smaller than 100 nm [3], and 

have a bulk solid thermal conductivity of 

orders of magnitudes higher than the base 

fluids.  

Experimental studies conducted by [4-5-6] 

have shown that the effective thermal 

conductivity increases under 

macroscopically stationary conditions. 

Under laminar flow conditions, nanofluids 

in microchannels have shown a two fold 

reduction in thermal resistance [7] and 

dissipate heat power three times more than 

that of pure water. Studies conducted using 

Cu-water nanofluids of concentrations 

approximately 2% by volume was shown to 

have a heat transfer coefficient 60% higher 

than when pure water was used [8].  

Some researchers have found moderate 

enhancements in thermal conductivity, but 

many have observed large enhancements 

with increasing volume fraction of 

nanoprticle in the base fluid. Murshed et al., 

[9] experimentally and theoretically studied 

the effective thermal conductivity and 

viscosity of nanofluids.  The thermal 

conductivity and viscosity of nanofluids 

were measured and found to be substantially 

higher than the values of the base fluids. The 

thermal conductivity of nanofluids was also 

observed to be strongly dependent on the 

temperature. 

The basic concept of using particles to 

collect solar energy was studied in the 1970s 

by Hunt [10] and Masuda et al., [11] who 

mixed particles into a gaseous working fluid. 

In the past 10 years or so, particles receivers 

have been extensively modeled and several 

prototype collectors have been built and 

tested. However, most of this work was 

devoted to find reversible chemical reactions 

to generate hydrogen or some other chemical 

fuel.  

The volume fraction of nanoparticles in the 

base fluid must be chosen carefully to get the 

most out of nanofluid. If the concentration of 

nanoparticle is too high, all the sunlight will 

be absorbed in a thin layer near the surface 

of the receiver. If the concentration is too 

low, a significant portion of the light will be 

transmitted out of the fluid. Ideally, the least 

amount of particles needed to effectively 

absorb light will be used to minimize cost. 

These suspended nanoparticles change the 

transport properties and heat transfer 

characteristics of the base fluid.  

In solar power plants nanoparticles provide 

too many benefits such as: allowing them to 

pass through pumps and plumbing without 

adverse effects, can absorb energy directly, 

can be optically selective, more uniform 

receiver temperature can be achieved inside 

the collector, enhanced heat transfer via 

greater convection and thermal conductivity 

which improve receiver performance, and 

enhance the absorption efficiency by tuning 

the nanoparticle size and shape to the 

application. 

Since there are no commercial nanofluid 

solar collectors yet, this section will outline 
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our assumptions, reasoning, and choices 

made in designing one. As mentioned above, 

nanofluids are a mixture of very small – 

sized particles and the conventional liquids 

used in a given application. Therefore, the 

first design choices to be made are in 

selecting those two components. Common 

base liquids in solar collector are water, heat 

transfer oil, or molten salt. The choice 

between these liquids is usually determined 

by the required operating temperatures. 

Water is commonly used for low 

temperature ranges (40-100 ̊C). For efficient 

solar collection, the particles need to be 

highly absorptive, which limits our study to 

metallic particles. 

In the present paper, experiments are 

performed using city water as well as Al2O3-

water based nanofluid as a working fluids. 

The performance of the flat plate solar 

collector is investigated. City water is first 

used as an absorption medium. The effect of 

Al2O3 nanoprticle concentration,   on the 

thermal conductivity as well as its effect on 

the instantaneous and daily efficiency of the 

flat plate solar collector is also investigated. 

 

 

2. TEST RIG 
2.1 Description of the test loop 

A schematics illustration of the experimental 

test loop is presented in Fig. 1. It consists of 

(1) insulated hot water tank, (2) circulating 

pump (3) flat plate solar collector and pipes 

connecting in between these components.   

An isometric of the apparatus is shown in 

Fig 2.  

 

 

 Fig. 1 Schematic illustration of the   

…………experimental test loop 

 

   

Fig. 2 Isometric of the experimental apparatus 

 

The test rig is installed at higher institute of 

engineering & technology in New Damietta, 

Egypt (latitude 31.5◦ N).  

The experiments were performed using city 

water first and then AL2O3-water based 

nanofluid as a working media. The working 

medium is flowing by a 20 W circulating 

pump at a rate of 0.05 L/s into the lower 

header of the flat plate collector. The 

absorber plate has 7 red copper tubes of 28 

mm diameter welded to the lower and upper 

header of that collector which has a surface 

area of 0.9 m2 as shown in Fig. 3. 
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Fig. 3 Cross section of collector arrangement 

The absorption surface of the collector is 

coated with selective coating of high 

absorptive and low radiation coefficient and 

its back casing is made of galvanized steel as 

shown in Fig. 4. 

 
Fig. 4 Cross section of absorber plate 

The flowing water receives solar radiation 

and gets hotter, then flow into the hot water 

tank via the upper header of the collector. 

The tank of 60 liters capacity is made from 

galvanized steel of two layers filled with 

Polyurethane insulation as shown in Fig. 5. 
The total amount of water in the tank was 25 

liters.  

 

Fig. 5 Cross section of the tank 

The collector frame is made of anodized 

aluminum and equipped for easy 

installation, and it is carried by steel 

structure coated by electrostatic paint, the 

title angle of the flat plate collector can be 

changed towards the sun from 19o at summer 

to 49o at winter by using a suitable 

mechanism as shown in Fig. 6. The working 

medium is continuously re-circulated 

through the collector to the hot water tank so 

that the temperature in the tank gradually 

builds up. 

 

Fig. 6 Schematic of tilt angle.variation 

mechanism 

2.2 Temperature measurement 

To investigate the performance of the solar 

collector, heat transfer calculations must be 

achieved through the measurements of 

temperatures of the ambient, the glass cover, 

inlet and exit temperature of the working 

medium and the temperature of the flat plate. 

Ten thermocouples type T are used to 

measure the temperature at the positions 

which are needed for heat transfer 

calculations, absorbed heat, heat loss by 

radiation and that due to convection. Two 

thermocouples are used to measure inlet/exit 

temperature of working fluid, one for 

ambient, one for glass cover, one for hot 

water inside the tank and the rest five are 

distributed among the flat plate to measure 

the average temperature of the plate surface. 

All thermocouples are connected to a multi-

temperature recorder via a selector switch. 

To ensure the accuracy of the temperature 

readings, all thermocouples are calibrated 

with mercury thermometer. 
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2.3 Solar radiation intensity 

measurement 

Solar radiation intensity was measured by 

photovoltaic cell, which is initially 

calibrated with perheliometer. It gives an 

output voltage reading which is directly 

proportional to the intensity of the solar 

radiation. The relation between the output 

voltage, E and solar intensity, I of the 

calibrated cell formulated as follow,  

 
15344.6000143539.0 EI  , W/m2     (1) 

 

3. DATA REDUCTION 

To carry out the necessary heat transfer 

calculations, the experimental data related to 

the solar collector and the working fluid 

flowing inside the tested loop were 

measured. These measurements include the 

temperatures of collector plate, inlet/outlet 

of the working fluid, and the ambient one. 

The intensity of solar radiation was also 

measured.   The existing thermo physical 

properties in the literature for conventional 

fluids and nanofluids are then used for these 

calculations. 

 

3.1 Nanofluid thermo-physical 

properties           

Thermo and physical properties of 

nanofluids are calculated using the formulas 

summarized by Buongiorno [12]. The 

following relation can be used for 

calculating nanofluid density as  

  pbfnf   1            (2) 

Where;   is the nanoparticle volume 

fraction of AL2O3-water nanofluid. 

It should be noted that for calculating the 

specific heat of nanofluid some of prior 

researchers have used the following 

correlation [12] 

 
pppp ccc

bfnf
  1                     (3)  

Batchelor [13] considered the effect of the 

Brownian motion of particles for an 

isotropic suspension of spherical particles, 

and the viscosity of nanofluid can be 

calculated therefore by 

 

 
bfnf

 5.21            (4) 

The most commonly used thermal 

conductivity equation was proposed by 

Hamilton and Crosser [14] for the mixtures 

containing micrometer size particles. They 

assumed that the following equation is 

applicable for the nanofluids as well 

     
   

pbfbfp

pbfbfp

bf

nf

kkknk

kknknk

k

k










1

11
   (5) 

In the above equation n is the shape factor 

where given by 
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Where ψ  is the sphericity, defined as the 

ratio of the surface area of a sphere with a 

volume equal to that of the particle to the 

surface area of the particle and is equal to 3 

for spherical nanoparticles. X. Zhang et al. 

[15] have showed that this correlation 

accurately predicts the thermal conductivity 

of nanofluids. The properties of base fluid 

(water) at different temperatures are 

available in [16]. 

3.2    Useful heat from solar 

radiation 

Mass of the fluid in the whole system can be 

calculated from the following equation 

Vm              (7) 

Where:  , V  are the density and the 

volume of fluid, respectively.  

The amount of useful heat by solar collector 

can be calculated as:            

 
ervaltime

TTmc
Q p

u int
12         (8) 

Where, T1, T2 are the initial and final 

temperature of the water in the tank at a 
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period of half an hour. The useful heat flux, 

q can then be calculated as 

A

Q
q u

u                                 (9) 

Where, A is the surface area of the collector 

(A= W L), m2 

3.3 Solar collector efficiency 

The instant efficiency of the solar collector, 

in  is given by 

%100



AI

Qu

in   (10) 

Where: I is the intensity of solar radiation 

(W/m2) 

The daily efficiency of solar collector, d

can be obtained from the following relation 

%100






AI

Qu

d        (11) 

 

3.4 Convective heat transfer 

coefficient 

The convective heat transfer coefficient, h 

can be calculated as: 

mp

u

TT

q
h


            (12)                                                                                                   

Where: qu is the useful heat flux and (Tp-Tm) 

is the temperature difference between the 

average temperatures of the plate, Tp and that 

of the working fluid, Tm, respectively. The 

Nusselt number is then given by  

k
DhNu            (13) 

Where, K and D are thermal conductivity of 

the working fluid and tube collector 

diameter, respectively. 

 

 

 

3.5    Total Heat Loss 

Heat loss from collector is due to convection, 

radiation and back losses. It can be 

calculated from the following equations.  

bLcLrLL QQQQ ,,,               (14) 

Where   

 44

, sGrL TTAQ           (15)      

…….. 

 aGccL TTAhQ ,                      (16) 

 

 
bbptbL TTkAQ ,                          (17) 

Where, QL,b is very small so we can neglect 

it. Ts is the sky temperature and hc is the 

convective heat transfer coefficient of the 

surrounding atmosphere. It can be calculated 

from the following empirical equation. 

5.0
1045.10 wwc vvh                 (18)  

Where, wv  is the wind speed. 

 

 

4. RESULTS AND 

DISCUSSION 

4.1 Using city water 

Preliminary experiments with city water as a 

working fluid were performed to study the 

performance of the flat plate solar collector 

at a given water flow rate (0.05 lit/s). Fig. 7 

shows the variation of sun's light intensity 

during the day time. The results were taken 

at Jan. 2, 2014 from 9.00 am to 17.00 pm. It 

is seen that the intensity of light goes up until 

its maximum value at noon. The light 

intensity is then dramatically decreases as 

the time proceed until it gets its lower value 

near the time of sun set. 
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Fig. 7 Variation of the solar intensity   

……during the day time (Jan. 2, 2014) 

Fig. 8 shows the plot of plate and fluid tank 

temperatures versus day time. It is seen that 

all temperatures increase with increasing 

day-time due to the increase of radiation 

intensity. The results were taken at Jan. 2, 

2014 

 
Fig. 8 Variation of the Plate and water tank 

temperatures versus the daytime  (Jan. 2, 2014) 

 

Fig. 9 shows the plot of the temperature 

difference, (To-Ti) between outlet and inlet fluid 

temperature from the collector against day time 

when using city water as a working medium. It 

can be noticed that with increasing day time the 

temperature difference, starts to increase 

gradually until mid day, where it gets maximum 

value. This is due to the high intensity of 

solar radiation at that time. 

 

   
Fig. 9 (To-Ti) versus day time (Jan. 2, 2014) 

 

Fig. 10 shows the variation of the collector 

efficiency with (
I

TT ai  ) in case of city 

water as a working medium. It can be 

noticed that the efficiency is dramatically 

decreased with the increase of (
I

TT ai  ). 

 

 

  

Fig. 10 Effect of 
I

TT ai  on the Collector 

efficiency, (Jan. 2, 2014) 
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4.2 Using AL2O3-water bases 

nanofluid 

The intensity of solar energy is measured 

through the whole day time each half an 

hour. Figs 11upto16 represent the solar 

intensity versus time when using nanofluid 

with different concentrations 0.02, 0.04, 

0.06, 0.08, 0.10 and 0.14, respectively, as a 

working medium. It can be observed that the 

intensity dramatically increased with time. 

It gets its maximum value at the noon, where 

it started to decrease again. The lowest 

intensity was detected near the time sunset. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 Variation of the solar intensity during the 

day time, (ɸ=0.02). 

 

 

Fig. 13 Variation of the solar intensity during the 

day time, (ɸ=0.06). 

 

 

Fig. 14 Variation of the solar intensity during the 

day time, (ɸ=0.08). 

 

 

Fig. 15 Variation of the solar intensity during the 

day time, (ɸ=0.10). 

 

 

Fig. 12 Variation of the solar intensity 

during the day time, (ɸ=0.04).           

………… 
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Figs 17 and 18 show the effect of using 

nanofluid with different concentrations 0.02, 

0.04, 0.06, 0.08, 0.10 and 0.14 on outlet fluid 

temperature from collector and that for its 

plate, respectively, the results were taken on 

11, 12, 13, 14, 17 and 23 Feb.2014, 

respectively. It is noticed that as the value of 

 increases, both the outlet temperature of 

the working fluid and that for collector plate 

increases. This means that the presence of 

nanoparticles in the base fluid increases the 

rate of absorbed heat from solar radiation. 

 

 

Fig. 17 Effect of volume fraction,  .on  the outlet 

temperature, To 

 

 

Fig. 18 Effect of volume fraction,  .on  the plate 

temperature, Tp 

 

Fig 19 shows the effect of using nanofluid 

with different concentrations 0.02, 0.04, 

0.06, 0.08, 0.10 and 0.14 on (To-Ti). It is seen 

that the variation of ∆T with time have the 

same trend as that for pure water. In the 

meantime the temperature difference, ∆T 

increases with the increase of nanoparticle 

concentration. This is due to the increase of 

extracted heat from solar radiation with 

increasing nanoparticle concentration. 

 

Fig. 19 Effect of volume fraction,  on  the 

temperature difference(To-Ti) 

Fig. 16 Variation of the solar intensity during the 

day time, (ɸ=0.14). 
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Fig. 20 shows the variation of collector 

efficiency, η on a daily basis with (
I

TT ai  ) 

in case of using Al2O3-water nanofluid as a 

working media over the above mentioned 

range of ,  It can be observed that the value 

of  η is sharply decreased with the increase 

of (
I

TT ai  ) and has the same behavior as 

noticed with using city water. The relation is 

nearly a straight line.  

 

Using nanofluid instead of city water as a 

working fluid improved the performance of 

solar collector as discussed earlier, this 

mainly due to the improvement in heat 

extraction mechanism due to the presence of 

nanoparticles in the base fluid. Fig. 21 shows 

the effect of volume fraction,  on daily 

efficiency, ηd of the collector. It is seen that 

the efficiency of the collector greatly 

increased with the increase of  .  

 

 
Fig. 20 Effect of   ITT ai /)(   on the 

….collector efficiency, ( 14.00   ) 

 
Fig. 21 Effect of volume fraction,   on .the 

collector daily efficiency, ηd 

 

The instantaneous performance of solar 

collector is greatly affected by the intensity 

of solar radiation. The performance is also 

improved with the presence of nanoparticles 

in the base fluid. Fig. 22 shows the 

instantaneous efficiency against time of the 

day for the two working fluids used in 

experiments. It can be seen that as the 

concentrations of nanoparticles,  increases, 

the efficiency increases. With   = 0.14 the 

percentage increase in solar collector daily 

efficiency of about 20.7 % higher than that 

for city water. 

 

 

Fig. 22 Variation of the instantaneous efficiency during 

the day time 
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4.3 Effect on particle volume 

fraction on the thermal 

conductivity 

The main reasons for improving the rate of 

heat exchanged between solar radiation and 

the working fluid is the presence of 

nanoparticles. It improves solar absorptivity 

of the working fluid to the radiation. 

Moreover, it enhances the thermal 

conductivity of the working fluid. The 

thermal conductivity of nanofluid can be 

calculated from equation (5). Fig. 23 shows 

the effect of volume concentration of Al2O3 

nanoparticles,  on thermal conductivity of 

the nanofluid. It can be seen that as the 

concentration  increases the effective 

thermal conductivity dramatically increased. 

With  =0.14, the percentage increase in 

thermal conductivity is about 45 % 

compared to that of the base fluid.   
 

 
Fig. 23 Effect of particle volume fraction on the 

thermal conductivity 

 

4.4 Effect on particle volume 

fraction on Nusselt Number 

As previously mentioned, the rate of heat 

extracted by the collector due to the presence 

of nanoparticles is enhanced. This can be 

shown in Fig. 24 which describes the 

relation between Nu and the volume fraction 

of nanoparticles, . It is seen that Nu 

increases with the increase of nanoparticle 

concentration, . 

 

 
Fig. 24 Effect of nanoparticle volume 

fraction on Nusselt Number  

5. CONCLUSIONS 

 The performance of a flat plate solar 

collector has been investigated using city 

water and Al2O3-water nanfofluid as 

working fluids. The performance was 

detected along the day time in New Damietta 

(31.5◦ latitude). The following conclusions 

may be obtained: 

1-The presence of nanoparticles improves 

the absopitivity of the working media to 

the solar radiation. 

2- Using nanofluid with volume fraction of 

= 0.14 as working fluid enhances the 

collector efficiency about 20.7% 

compared to that of city water. 
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