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Abstract

Nanofluids are highly effective in enhancing the performance of heat transfer devices due to their high thermal
conductivity. Various types of nanoparticles have been utilized, making these nanofluids particularly beneficial
for renewable energy applications, such as solar collectors. Evacuated tube solar collector (ETSC) is widely used
in thermal applications. This paper presents a study using a mathematical model to evaluate the performance of
an ETSC using different nanofluids materials under different climatic conditions in Cairo, Egypt. The mathemat-
ical model was validated through experimental tests using water as the working fluid at different flow rates,
demonstrating the model's reliability. The study also compared the performance using different nanoparticles
(Cu, Ag, and Al,05) at different concentrations. The key findings showed that increasing the volume concentra-
tion of hybrid nanoparticles increased the outlet temperature, with Ag yielding the highest temperature increase,
followed by Cu, and then Al, 05, across various inlet temperatures and flow rates.
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1 Introduction

Renewable energy represents the future, offering environmental benefits and aiding the next generation
in producing more power. Solar energy, a crucial type of renewable energy, is harnessed to generate
useful heat through solar collectors like flat plate, evacuated tube, parabolic trough, and dish collectors.
Significant efforts and investments from researchers and companies have focused on enhancing the
efficiency of these collectors. We believe that continued research in this area is essential and anticipate
new advancements in the coming years. Eidan et al. (2018) optimized HP-ETSCs with Al,05; and
CuO/acetone nanofluids for hot water in the Middle East, finding a 70% filling ratio and 45° tilt angle
to be ideal. Nanofluids enhanced thermal performance by 20-54% and efficiency by 15-38%. These
results are useful for researchers exploring nanofluids in sunny areas [1].

Sharafeldin and Grof (2018) investigated evacuated tube solar collectors with CeO, /water nanofluid,
showing that higher CeO, concentrations led to greater temperature differences and heat gain. This
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indicates nanofluids can boost solar collector efficiency by enhancing heat transfer and thermo-optical
properties [2].

Ozsoy and Corumlu (2018) experimentally analyzed a thermosyphon heat pipe evacuated tube solar
collector using silver-water nanofluid, demonstrating a significant thermal efficiency boost (20.7-40%)
compared to pure water. The nanofluid maintained superior heat transfer properties over time, proving
its suitability for long-term commercial use [3]. Gan et al. (2018) studied TiO, nanofluid's impact on
ETSC performance, discovering that optimized nanofluid improved thermal conductivity by 7.28%,
increased efficiency by 16.5%, and decreased entropy generation by 1.23%. The findings highlight the
potential of high thermal conductivity nanofluids to enhance ETSC efficiency [4].

Sharafeldin and Grof (2019) examined the effect of W05 /water nanofluid on evacuated tube solar
collectors, finding a 21% increase in temperature differences and a 23% boost in heat gain. Their results
achieved a thermal-optical efficiency of 72.8%, highlighting the nanofluid's effectiveness in improving
solar collector performance [5]. Sharafeldin et al. (2019) evaluated the impact of copper nanofluid on
evacuated tube solar collectors, discovering that 0.03% concentration increased temperatures by 51.5%
and reduced collector area by 34%. The improved heat removal factor highlights copper nanoparticles’
effectiveness in enhancing energy efficiency and lowering CO, emissions in solar collector systems [6].
Radwan et al. (2019) tested evacuated tube heat pipe solar collectors with Al,0s/water nanofluid in
Cairo's climate, finding that a 45° tilt angle provided optimal performance. They observed up to a 49%
increase in thermal efficiency with higher nanofluid concentrations, highlighting the potential for im-
proved collector efficiency and heat gain in building heating applications [7]. Yurddas (2020) optimized
evacuated tube solar collectors (ETSCs) with different nanofluids, notably Cu — H,0, which enhanced
thermal performance. Numerical analysis revealed improved heat transfer with higher nanoparticle con-
centrations, longer tubes, and smaller tank diameters. The study highlights the potential of nanofluids
in creating efficient, pollution-free solar energy systems [8].

Eltaweel et al. (2020) conducted experiments on a heat pipe evacuated tube solar collector using
MWCNT/water nanofluids, analyzing energy and exergy efficiencies. They found that increasing flow
rates and nanofluid concentrations improved efficiency, with peak values of 55% for energy efficiency
and 10% for exergy efficiency achieved with 0.05 wt% MWCNT/water nanofluid [9]. Hosseini and
Dehaj (2021) assessed TiO, nanofluids with various morphologies in a U-type evacuated tube solar
collector. They found that TiO, nanowires improved thermal conductivity by 12.4%, outperforming
TiO, nanoparticles. The efficiency of the collector increased by up to 21.1% with nanowires and 12.2%
with nanoparticles at a flow rate of 0.5 L/min, while pressure drops were affected by viscosity and flow
rate [10].

Ozcan et al. (2023) examined U-pipe evacuated tube solar collectors using TiO,/water nanofluid, find-
ing an efficiency increase of up to 22.1%, though this also led to a higher pressure drop. While TiO,/wa-
ter nanofluid improved collector performance, it also raised the pressure drop, and long-term stability
of the nanofluid was a notable issue [11]. EImaboud et al. (2019) used Mathematica software to explore
the application of gold nanoparticles (GNPSs) in cancer treatment via peristaltic blood flow in physio-
logical vessels. Their study showed that GNPs improved temperature distribution, which could aid in
cancer therapy, and also offered insights into fluid dynamics under peristaltic conditions [12]. Azadian
et al. (2019) performed a two-dimensional numerical simulation of U-shaped vacuum tube solar collec-
tors using Flex PDE software and the finite element method. They evaluated one U-type and two U-
type collector models, concluding that increasing the number of U-type tubes improved collector effi-
ciency [13]. Mercan and Yurddas (2019) used ANSY S-Fluent and the Finite-Volume-Method to ana-
lyze nanofluids in evacuated tube solar collectors (ETSCs). Their research demonstrated that CuO/H,0
nanofluid significantly improved heat transfer in ETSC systems compared to water alone, with various
parameters and angles in the collector design confirming these enhancements [14].

These studies explore non-Newtonian fluid behavior in corrugated channels. The first study examines
Jeffrey fluids under electromagnetohydrodynamic conditions, analyzing how wall corrugations and po-
rous media affect velocity and flow resistance. The second study focuses on entropy generation in
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micropolar fluids with convective boundary conditions and slip flow, noting that corrugation amplitude
and heat transfer coefficient impact entropy generation. Both emphasize the importance of understand-
ing these fluid dynamics for optimizing engineering applications[15-16]. In numerical studies investi-
gate the heat transfer characteristics of nanofluids [17-20]. The two main strategies used to model the
flow of nanofluids are the single-phase and two-phase models. While the Single-Phase Model (SPM)
has predominantly been utilized to research the heat transfer properties of nanofluids, the two-phase
model provides a better understanding of the function of both the fluid phase and solid particles in heat
transfer mechanisms.

2  Methodology

This section will provide a detailed discussion of the mathematical model to compare the performance
of the collector with various nanofluids by calculating useful heat for each tube and substitution in a
group of partial differential equations. The properties of thermophysical properties between water as a
base fluid and nanoparticles can be clarified as in Table 1.

Table 1Thermophysical properties between water as a base fluid and nanoparticles

Physical Properties H,0 Cu Ag Al, 04
p(Kg/m3) 997.1 8933 1500 3971

¢, /kgK) 4179 385 235 765
k(W /mK ) 0.613 401 249 40
o(s/m) 0.05 5.96 x 107 3.6 x 107 1x 1075

2.1 Modelling of solar radiation

Solar radiation intensity, S, is an important parameter affecting ETSC performance. It can be calculated
on a surface tilted at angle, ¥, as follows [21],

S =SgRp + Sy (%) + ((SB + Sai) Y, (ﬁ)) ()

Where S denotes solar radiation intensity (W /m?), Ry denotes beam radiation tilt factor (dimension-
less), Sp denotes beam radiation incidence on a horizontal surface (W /m?), S,; denotes sky diffuse
radiation (W /m?), ¢ denotes tilt angle (degree), 9, denotes diffuse radiation reflectivity (dimension-
less). These parameters are calculated as follows,

Sg = Sgp * sina (2)

Where a denotes solar altitude angle (degree), Sg,, denotes beam radiation at normal incidence and is
calculated as follows [21],

Spn = A e~B/sina 3)
sina = (sinl * sind) + (cos w *cos l* cos 6 ) 4)
_ (cos w * cos(l =) * cos ) + (sin(l — ) * sin §) )
B (cos(l) * cos w * cos &) + (sin(l) *sin §)
Sgi = C * Spp * I (6)
Where A denotes solar radiation at zero air mass (dimensionless),B denotes atmospheric extinction co-

efficient (dimensionless), C denotes diffuse radiation factor (dimensionless), [ denotes latitude angle
(degree), & denotes declination angle (degree), I, denotes angle factor between radiation beam and
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evacuated tube surface (dimensionless), h denotes hour angle (degree). These parameters are calculated
from the following equations [21],

w = (12 + local time(h)) * 15° (7
= *
45 sin (284 + n) 8

Where n denotes day number starting from 1 January, S;; denotes sky diffuse radiation, is calculated
for horizontal surface according to Eq. (6) and the angle factor, I denotes equal to unity for horizontal
surfaces, while 9, denotes diffuse reflectivity, and is assumed to be 0.2 when there is no snow on the
ground [21].

2.2 Radiation incident on a single evacuated tube

According to Tang et al. [22] assumptions, the collectable radiation incidence on a tube can be divided
into two parts: beam radiation incident directly on the tube, Sp ., and diffuse radiation intercepted by
the tube, Sy; .. Instantaneous total radiation incident on a single tube, S, is calculated as follows:

Se = Spe t Saie )]

Sge = Die Spn cos 6 1(Q) (10)
1+ cosy

Saie = Die T (o) fis Sa (1

Where D; , denotes inner diameter of the evacuated tube (mm), 6 denotes angle between the solar ray
and its projection on the tube surface (degree), f; denotes tube-sky shape factor (dimensionless), 1(£)
denotes angular acceptance function (dimensionless). Can be calculated according to [22],

2.3 Solar energy incidence on ETSC

After the calculation of the instantaneous solar power collected by a single tube, the total instantaneous
radiation incident on the ETSC [22],

See =S, NL, (12)
Where S, denotes total instantaneous radiation incident on the ETSC (W), N denotes number of evac-
uated tubes (dimensionless), L, denotes length of the evacuated tube (mm).

2.4 Evacuated tube modelling

To investigate the performance of a single evacuated tube, solar power is transferred to the ETSC
through the evacuated tubes. Water is heated and rises to the storage tank by natural convection. Budi-
hardjo and Morrison [23] developed a relation for evaluating the flow rate of natural convection between
the storage tank and the evacuated tube heat pipe from Reynolds number, Re, as follow,

1.2 0.4084
Gr < L, ) (13)
*COSS x| —
Di,e

Where Re denotes Reynolds number (dimensionless), Nu denotes Nusselt number (dimensionless), Pr
denotes Prandtl number (dimensionless), Gr denotes Grashof number (dimensionless).

Ren and Zhang [23] studied experimentally the natural convection in a semi-closed cavity and devel-
oped a relation for natural convection, which is modified to the following relation,

. 4 —-3.4\ 02
g*SLnlp*,B*Ssc*Di,e *<Le> ) (14)

2
ky*vexLo*xDjgxm*xN \D;,

Nu
Re = 0.1914(
Pr

Nu = 0.82 (Pr
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Where g denotes gravity acceleration (m/s?), B denotes thermal expansion (K1), k,, denotes thermal
conductivity (W/m.°C), v denotes kinematic viscosity (m?/s). The heat transfer coefficient, h,, and the
mass flow rate, ni,, from the tube are calculated by [24],

o= Nu * k,, (15)
¢ Di,e
RexmxuxD;
M, = 4“ be (16)

Where h, denotes heat transfer coefficient in the evacuated tube (W /m?.°C), ni, denotes mass flow
rate from the evacuated tube to the storage tank (kg/sec).Then, the outlet temperature of the
pipe, Tyt e, the temperature of absorber coating, Ty, and heat losses from the evacuated tube, Q, .,
are calculated by,

Qu,
Toute = Tine + m-eliecp (17)
Topse =T, Que 18
abs,e — lavg,e + m ( )
Ql,e = Rpgq * T * Di,e * Lo * (Tabs,e - Tamb) (19)
The useful heat transfer, Qu'e, can be,
Qu,e =8¢ * Lo — Ql,e (20)

Where T,,. . denotes outlet temperature of the tube (°C), T;;, . denotes inlet temperature of the tube (°C),
¢, denotes specific heat of water (j/kg.°C), Q... denotes useful heat transfer (W), T, . denotes ab-
sorbent temperature (°C), Q, . denotes heat losses of the tube (W), k., denotes radiative heat transfer
coefficient (W /m?.°C), T, denotes ambient temperature (°C).
The tube instantaneous efficiency can be calculated by,
_ Qu,e _ mecp (Tout,e - Tin,e)
77e_Se*Le_ S, * L,

The calculation steps are presented in a flow chart as shown in Figure (1) to calculate the amount of
useful heat for evacuated tube Qu,e, and substitution in Governing equations.

1)

2.5 Governing equations

The governing equations are partial differential equations that include the continuity, momentum, and
energy equations [25-29].

6u av
ol (22)
ou 6u ou op 0%u  0%u
Pnf (a Tra Y ay) ~(35) + s <ﬁ * a_yZ> 23)
ov ov ov op 0%v  0%v
pur (G T g+ @) = ‘(@)*’*nf (ﬁ* W) %)
(pcy) <aT+ua—T+ aT) k (aZ—T+62—T> + Qraa +Q (25)
Cp nf \ 9t P ay nf 0 x2 ayz rad Tank
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When the water flow rate is constant, the velocity in the x-direction (u) is zero, and there is no motion
in the y-direction, making the velocity (v) zero as well. Since the system operates under atmospheric

pressure, both (3—2) and (Z—Z) are zero. Consequently, the continuity and momentum equations are zero,
and the energy equation simplifies to:

aT
(Pcp)nf (E) = Qrad + QTank (26)

‘ Start ’

v

Input: The ETSC dimensions Boundary
condifions: Initial water temperature and
water flow rate

A

Input: Ambient femperature, Time and
Volume fraction of nanoparticles

h 4

Assume: the ETSC efficiency
and the absorbent temperature

>
>

v

1) Find amount of useful heat, Eq. (21).

2) Find amount of heat losses, Eq. (20).

3) Find mass flow rate in tube, Eq. (16).

4) Find convection heat transfer coefficient, Eq. (15).
5) Find outlet temperature of water, Eq. (17).

6) Calculating absorbent temperature, Eq. (18).

7) Recalculating heat losses, Eq (19).

8) Recalculating amount of useful heat, Eq (20).

9) Recalculating efficiency of ETSC, Eq (21).

If ETSC efficiency fixed?

/’rint amount of useful hey

A 4

End

Fig. 1. Steps of the Computational Model.
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Using the energy equation, we can determine the outlet temperature from a single tube. By applying
this calculation 30 times, we can then find the outlet temperature for the entire evacuated tube solar
collector.

To verify the accuracy of this model, it is validated against an experimental model using water as the
working fluid.

3  Test Rig Description

Figure (2) show a schematic diagram of the test rig used to study experimentally the performance eval-
uation of evacuated tubes solar collector with nanofluids under different climate conditions in Egypt.

3.1 Test Procedure

The city water is opened to fill the tank, When the water reaches a certain level, the ball valve for the
inlet of evacuated tubes solar collector is opened while the by-pass ball valve is closed and the circula-
tion pump is turned on to pumped water into the evacuated tubes solar collector, and the evacuated tubes
solar collector outlet valve is opened until the tank of evacuated tubes solar collector is filled. The
system runs until steady-state conditions are reached, then, the flow rate is adjusted by controlling the
openings of the inlet ball valve and the by-pass ball valve, while controlling the water temperature inlet
the evacuated tubes solar collector using the electric heater and the cooling coil. Subsequently, the tem-
peratures of the water entering and exiting the evacuated tubes solar collector and flow rate are measured
and recorded.

EVACUATED TUBE SOLAR COLLECTOR

LEGEND

SYMBOL DISCRIPTION
[ BALL VALVE
N NON-RETURN VALVE

T1x=1 R @ CRCULATIONFUMP
|l=T0L1

et
TANKINLET—ll' y -y

[— THERMO COUPLEX-TYPE

Yl

|
I — TANK OUTLET K-TYPE THERMO COUPLE
ﬂ‘ $ ABBERVIATION DISCRIPTION
I | I EVACUATED TUBE SOLAR COLLECTOR INLET
i K TEMPERATURE
EVACUATED TUBE SOLAR COLLECTOR OUTLET
X Uy, T 5 | Tz TEVPERATURE
BY PASS , _
B i A WL - SOV W S
I CONDENSING TNIT
COOLING COIL
|rr 3
| —
| & :p. CONTROL PANEL
PUMP DISCHARGE —
7 ELECTIEAL —
U‘W{&_ = L —
g
CIRCULATION PIMP
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Fig. 2. Schematic diagram of experimental test rig.

3.2 Model Validation

Where flow rate is 0.05 kg/sec As shown Figure (3) The outlet temperature on 15/9/2022 ranging
[25.7 °C - 30.9 °C] experimentally and [26.87 °C - 31.62 °C] mathematically at average temperature
entering the solar collector is 25.07 °C, and the error rate between the two results is 4.67%. The outlet
temperature on 5/9/2022 ranging [33.1 °C - 37.4 °C] experimentally and [31.7 °C - 36.47 °C] math-
ematically at average temperature entering the solar collector is 30.06 °C, and the error rate between the

two results is 2.08%.

5972022 13/9/2022
’ Yy
49
£, 18/9/2022
g
95
15972022 ?
3 4
H 3/9/2022
E 41
(@) “
=+Tin=25,exp ~ ——Tin=35,exp
39 +—Tin=35,math
=4=Tin=25,math —a—Tin=40,exp
==Tin=30,exp 5 Tin=40,math
Tl mth +—Tin=d5,exp
#=Tin=45,math
3 10 1L 2 1 1 15 16 7 N 9 10 " i1 1 14 15 6
Time (hr) Time (hr)
Fig. 3. Water outlet temperature (5/9/2022) & Fig. 4. Water outlet temperature (3/9/2022) & (13/9/2022)
(15/9/2022). & (18/9/2022).
a7
——0.025,exp
——0.025,math
55| =005 20/9/2022
0.05,math
—=—0.07,exp

——0.07,math

&

3/9/2022

s
i

12/9/2022

Qutlet temperature

w
g

ES)
9 10 11 12 13 14 15 16 17

Time (hr)
Fig. 5. Water outlet temperature with deferent flow rate.

As shown in Figure (4) at 0.05 kg/sec flow rate The outlet temperature on 5/9/2022 ranging
[35.9 °C - 41.1 °C] experimentally and [36.29 °C - 41.15 °C] mathematically at average temperature
entering the solar collector is 35.29 °C, and the error rate between the two results is 0.55%. The outlet
temperature on 18/9/2022 ranging [41 °C - 46.1 °C] experimentally and [39.97 °C - 44.79 °C] math-
ematically at average temperature entering the solar collector is 40.07 °C, and the error rate between the
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two results is 2.34%. The outlet temperature on 13/9/2022 ranging [45.9 °C - 51 °C] experimentally
and [43.51°C - 48.21°C] mathematically at average temperature entering the solar collector
IS 44.44 °C, and the error rate between the two results is 4.33%.

Figure (5) illustrates the validation at an inlet temperature of 35°C for different flow rates
(0.025 kg/sec,0.05 kg /sec,0.07 kg /sec). It is concluded that the lowest flow rate yields the highest
temperature, while the highest flow rate results in the lowest temperature.

Validating the experimental model against the mathematical model confirms the reliability of the math-
ematical model.

4  Results and Discussion

Nanoparticles Cu, Ag and Al,05 at volume of 0.03 and 0.06 were mixed with water, analyzed through
a computational model, and compared against the performance of pure water.

Figures (6-10) show the temperature of outlet (in degrees Celsius) from an evacuated tube solar collector
over time (in hours) on (3, 5, 13, 15, 18/9/2022). The graph includes data for water and various nanoflu-
ids with different nanoparticles (Cu, Ag and Al,03) and concentrations (0.03 and 0.06 vol%) at flow
rate 0.05 kg/sec.

Figures (6-10) show the temperature of outlet (in degrees Celsius) from an evacuated tube solar collector
over time (in hours) on (3, 5, 13, 15, 18/9/2022). The graph includes data for water and various nanoflu-
ids with different nanoparticles (Cu, Ag and Al,03) and concentrations (0.03 and 0.06 vol%) at flow
rate 0.05 kg/sec and inlet temperature (25, 30, 35,40, 45 °C).

Figures (11-12) show the temperature of outlet (in degrees Celsius) from an evacuated tube solar col-
lector over time (in hours) on (12, 20/9/2022). The graph includes data for water and various nanofluids
with different nanoparticles (Cu, Ag and Al,05) and concentrations (0.03 and 0.06 vol%) at flow rate
(0.025 kg/sec and 0.07kg/sec) and inlet temperature 35°C.

All curves exhibit a similar pattern: the outlet fluid temperature rises from around 9 AM, peaks at mid-
day, and then gradually decreases. The nanofluid with 0.06 vol% Ag nanoparticles (blue curve) reaches
the highest outlet water temperature, while the 0.03 vol% Ag nanoparticles (cyan curve) also perform
well but at a slightly lower temperature than the 0.06 vol% concentration. The 0.06 vol% Cu nanofluid
(grey curve) outperforms the 0.03 vol% Cu nanofluid (yellow curve), with the former reaching a higher
peak temperature. The 0.06 vol% AlI203 nanofluid (brown curve) performs better than the 0.03 vol%
Al203 nanofluid (dark brown curve), but both have lower peak temperatures compared to Ag and Cu
nanofluids. Plain water (orange curve) consistently has the lowest outlet temperature throughout the
time period.

From the figures, it can be seen that Silver (Ag) nanofluids perform the best in increasing outlet water
temperature, followed by copper (Cu) and aluminum oxide (Al,05).
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Conclusion

Nanofluids, especially at higher concentrations (0.06 vol%), typically result in higher outlet tempera-
tures than at lower concentrations (0.03 vol%). They significantly enhance the thermal performance of
evacuated tube solar collectors compared to water alone. Silver (Ag) nanofluids perform the best in
increasing outlet water temperature, followed by copper (Cu) and aluminum oxide (Al,05). These re-
sults highlight the potential of nanofluids to improve the efficiency of solar thermal systems, making
them more effective for energy applications. The inclusion of nanoparticles greatly boosts the solar
collector's thermal performance compared to plain water.
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