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ABSTRACT:

This study investigates the design and performance of a heat pipe-based evacuated tube solar
collector (ETSC) incorporating a copper coil heat exchanger and graphene oxide (GO)-
deionized (DI) water nanofluids. Nanofluid samples with GO concentrations of 0.0015% and
0.0025% by volume were synthesized and tested at mass flow rates of 0.5 L/min and 1 L/min.
Stability analysis using zeta potential measurements confirmed that the nanofluids remained
stable for up to 40 days. The experimental tests, conducted at Ratnagiri, Maharashtra (Latitude:
17.05°N; Longitude: 73.56°E), demonstrated significant enhancements in heat gain and
temperature differentials when GO/DI nanofluids were used compared to conventional water.
Thermal efficiency improved with increasing nanofluid concentration and flow rate, achieving
a maximum relative enhancement in thermal efficiency of 28.2% compared to water at a
concentration of 0.0025% and a flow rate of 1 L/min. These findings highlight the potential of
GO/DI nanofluids to enhance the thermal performance of ETSCs, providing a promising
approach for improving solar energy utilization. The results demonstrate that GO/DI nanofluids
can significantly enhance ETSC performance with minimal cost implications, making them a
promising solution for efficient solar thermal systems.
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1. INTRODUCTION

In the modern era of rapid development, the growing energy demand poses a significant
challenge to meet requirements without causing environmental harm. With the depletion of
conventional energy resources, researchers are actively exploring alternative solutions.
Renewable energy has emerged as a promising option due to its abundance and environmental
friendliness. Among these, solar energy can be harnessed through two primary methods: (a)
photovoltaic cells that convert solar heat into electricity and (b) solar thermal systems
employing solar collectors.

Enhancing the thermal performance of solar collectors has been a focus of research, with
nanofluids frequently employed as advanced working fluids [1]. Nanofluids are engineered by
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dispersing nanoparticles, typically metals or metal oxides with diameters less than 100 nm, in
a base fluid like water, which enhances heat transfer properties. Conventional water-based
working fluids in solar collectors often result in lower thermal efficiency, as noted in earlier
studies [2]. While system redesigns can improve efficiency, they often incur higher costs.
Hence, the use of nanofluids offers a potentially effective approach for enhancing thermal
performance, particularly when used at low concentrations where implications cost remains
limited. Yousefi et al. [3] investigated the impact of aluminum oxide (Al>Os)-water nanofluids
at volume fractions of 0.03% and 0.06% and flow rates ranging from 20 to 60 L/hr on an
evacuated tube solar collector (ETSC), achieving notable efficiency improvements. Another
study on water nanofluids demonstrated a 50% increase in heat energy and output temperature
with varying mass flow rates and concentrations [4]. Similarly, research on silver-water
nanofluids in a thermosyphon heat pipe ETSC revealed an efficiency increase from 20.7% to
40% compared to water alone [5].

Additional experiments employing single-walled carbon nanotubes (SWCNTSs) in water-based
nanofluids assessed the ETSC's performance at volume fractions of 0.05%, 0.1%, and 0.2%
under various flow rates. Results indicated that a 0.2% concentration achieved a peak thermal
efficiency of 93.43% [6]. Moreover, copper-water nanofluids were found to deliver superior
heat recovery and reduce emissions of carbon dioxide (CO:) and sulfur dioxide (SO.).
Experimental and numerical analyses, including finite element analysis (FEA), of nanofluids
such as MWCNTs, TiO:, SiO:, and C, with water as the base fluid, further validated the
enhanced performance of ETSCs [7].

Table 1. Thermal conductivity of different materials

Thermal Conductivity
(W/m.k)
1. Base fluids Water 0.613
Ethylene glycol 0.253
2. Metallic solids Silver 429
Copper 401
3. Non-metallic solids Graphene ~ 3000 - 5000

The primary objective of this research is to enhance the thermal performance of an evacuated
tube solar collector (ETSC) by utilizing graphene oxide (GO) nanoparticles in a deionized (DI)
water-based nanofluid. GO nanoparticles were selected for their superior thermal conductivity,
which plays a crucial role in efficient heat transfer and improving the performance of solar
collectors. Previous studies, such as those by Ghosh and associates (2008), have explored the
thermal performance of ETSCs using graphene nanoplatelets and methanol-based nanofluids
[8], [9]. These investigations also evaluated the influence of parameters such as solar panel tilt
angles, filling ratios, and flow rates on thermal efficiency. Building on this, Iranmanesh et al.
examined ETSCs with graphene nanoplatelets in distilled water at concentrations of 0.025,
0.05, 0.075, and 0.1 wt.% and mass flow rates of 0.5 L/min, 1 L/min, and 1.5 L/min [10]. Their
findings revealed a significant improvement in thermal efficiency, reaching up to 90.7% at a
mass flow rate of 1.5 L/min compared to conventional water-based systems.



The novelty of this study lies in the integration of graphene oxide nanofluids with a heat pipe-
based ETSC system incorporating a copper coil heat exchanger, along with experimental
evaluation under practical operating conditions.

2. NOMENCLATURE

Symbol Description Units
Ac Collector area m?
(O Specific heat of fluid Jkg K
di Inner diameter of tube mm
do Outer diameter of tube mm
De Equivalent diameter mm
G Solar radiation W/m?
hj Inner heat transfer coefficient W/m2K
ho Outer heat transfer coefficient W/m2.K
k Thermal conductivity W/m.K
m Mass flow rate kg/s

NRE Reynolds number —
Nrr Prandtl number —
Qu Useful heat gain W
Ti,To Inlet and outlet temperatures °C
v Dynamic viscosity Pa.s
hy zz?;;?;tcu\rféscosity at wall Pas
Density kg/m3

Thermal efficiency —

3. EXPERIMENTAL PROCEDURES
All materials and instruments used for the fabrication and measurement of the test setup were
selected in accordance with BIS and ASHRAE standards for solar water heating systems.

3.1. Synthesis of Graphene Oxide

The GO nanomaterial was synthesized in the laboratory using an improved, widely adopted
method for large-scale GO production, which is both efficient and safe [11].



Mix H2S0+ and HsPOas with 3 g of graphite powder
Add 18 g of KMnOs4

Stir the mixture at 290—-300 rpm
Cool to room temperature and pour onto ice (1000 mL water)

Observe the colour change from dark black to greenish, then to
vyellow

Allow the mixture to settle overnight
Decantation process
‘Washing of precipitate with 640 mI of DI and 100 mL of HCl
Maintain pH value at 7

Drying process

Figure 1. Flowchart for Enhanced Graphene Oxide (GO) Synthesis Method.

The required amount of GO was accurately measured using a precision weighing machine and
dispersed in deionized (DI) water. The mixture was then subjected to ultrasonication, resulting
in the preparation of GO/DI nanofluids with volumetric concentrations of 0.0015% and
0.0025%.

Figure 2. Graphene Oxide Nanomaterial Synthesis.

3.2. Stability of Nanofluid

A key challenge in nanofluid fabrication is ensuring its stability, making stability assessment a
critical step before testing in collectors [12]. While several techniques are available for
evaluating nanofluid stability, zeta potential analysis is the most commonly used method. In
this study, the zeta potential of the nanofluid samples was measured immediately after



preparation, and the samples were observed over a 40-day period to assess their stability.
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Figure 3. Stability Analysis of GO/DI Nanofluid Samples.

Based on Figure 3, it can be concluded that the samples remain stable for up to 40 days. Zeta
potential values ranging from £40 to =60 mV indicate good stability, while values between +30
to +40 mV confirm the stability of the nanofluid solution [13].

3.3. Design of copper coil heat exchanger

Heat exchange between flowing fluids is one of the most critical physical processes. The
primary objective of designing a heat exchanger is to efficiently transfer heat from one fluid to
another, either directly or indirectly. Helical coils with circular cross-sections are commonly
used in various applications due to their ease of manufacture [14].

Table 2. Heat exchanger designed parameters.

Dimensional parameter Dimension (mm)
1. Tube inner diameter (d;) 10

2. Tube outer diameter (d,) 12.5

4. Mean coil diameter (Dp) 250

5. Pitch (P) 60

6. No of turns (N) 8

1. The total length of coil (L), needed for number of turns:

L = N (2nr)? + P2 (1)
Where,

r =Du/2 is the mean radius of the coil (mm),

Pis the pitch of the coil (mm),

N is the number of turns.



The calculated length of the coil is:
L=6301.49 mm
2. The volume occupied by the coil (V.):

T

VC = - dozL
4

Where,
d, 1s the outer diameter of the tube (mm),
L is the length of the coil (mm).

V= 773309.16 mm?

3. Volume of annulus (V,):
Va=7 (D,* = D;*)P.N

Where,

D, is the outer diameter of the shell (mm),
D;j is the inner diameter of the shell (mm),
P is the pitch (mm),

N is the number of turns.

Va=9424777.96 mm?>

4. The volume that is accessible for fluid flow in the annulus (V)

Vi=Va-Ve
= 8651468.8 mm’

5. Equivalent diameter of a coiled tube on the shell side (D.):

_ 4-.Vf
e m.dg .L

Where,
Vris the effective flow volume (mm?),

do is the outer diameter of the tube (mm),

L is the coil length (mm).

6. The heat transfer coefficient in the annulus (4,):

If, The Reynolds number (Ng) is in the range of 50-10,000 then,

hoDe _ 0.5 0.31
- — 06 NRE . NPR

7. If Reynolds number (Ngg) is greater than 10,000 then,

ho.De
k

Where,

= 036 NREO'SS.NPR0.33. (IJ.LW)Oll‘l-

ho is the convective heat transfer coefficient on the annulus side (W/m’. K),
uw is the dynamic viscosity at wall temperature (Pa-s).

8 Reynolds number (Nzr), can be expressed as,

(2)

3)

(4)

(5)

(6)

(7)



Ngg = (8)

(9)

Where,

p is the fluid density (kg/m®),

V is the fluid velocity (m/s), as compared to water
u is the dynamic viscosity of fluid (Pa-s),

Cpis the specific heat of fluid (J/kg-K),

k is the thermal conductivity (W/m-K).

By calculating,

Nre=467 < 10,000 (Laminar flow)
Npr=12.51

Heat transfer coefficient in annulus,

(ho) =478 W/m. k

Similarly,

10. Heat transfer coefficient of fluid flowing inside the coil (h;) can be calculated in the same
manner,

(Hi. De/k) =0.6 Nrg®. Npp%3! (10)
Putting all the values we will get,

Nre =588 <2,300 (Laminar flow)

Npr=12.51

Therefore, hi= 656 W/m.k

Figure 4. Fabricated copper coil heat exchanger.



3.4 Sensors and temperature indicator

K-type thermocouples are known for their wide operating temperature range. They consist of a
non-magnetic positive leg and a magnetic negative leg. Due to the use of traditional base
metals, K-type thermocouples are capable of operating at high temperatures and offer a broad
temperature range [15].All these sensors were connected to a temperature indicator (8
channels) to measure temperature at respective locations.

Figure 5. Thermocouple and temperature indicator.
3.5. Safety valves
3.5.1. Two-way ball valves

In order to remove and refill the corresponding working fluid to the system, the two-way ball
valve made up of brass was used. Similarly, these two-way ball valves act as a safety device
for the experimental test setup.

Figure 6. Pictures of two-way ball valves.
3.5.2. Pressure relief valve (PRV)

A safety valve known as a pressure relief valve (PRV) is used to regulate or control the pressure



in a system. Otherwise, pressure will rise in the system and cause a system failure or fire. This
pressure is removed from the system by allowing the pressurized fluid to flow out of the system
through an auxiliary passage [16].

Figure 7. Installed pressure relief valve.
3.5.3. Air relief valve
Air relief valves, also known as air release valves or air valves, serve as a safety mechanism
by venting air pockets that may form at high points in a fully pressurized system. If not released,
these trapped air pockets can cause various issues, including flow disruptions, pump failures,
corrosion, inaccurate instrument readings, and pressure surges [17].

Figure 8. Air relief valve.

3.6 Hot water pump

Centrifugal pumps are commonly recommended for use in solar water heating systems.
Additionally, a positive displacement pump equipped with a relief valve is advised, especially
when testing with oil or hydrocarbons (high-micron liquids) in the loop. In this experimental



setup, a Wilo-based hot water pump is utilized to circulate the working fluid under pressure
within the solar system. The pump offers variable flow settings of 0.5 L/min, 0.75 L/min, and

1 L/min, eliminating the need for a separate fluid flow meter and its associated accessories for
measurement.

Figure 9. Variable flow hot water pump.

3.7. Evacuated tube with heat pipe

The heat pipe, similar to a solar tube, consists of a hollow tube with an evacuated interior. The
primary objective here is to alter the internal liquid state rather than providing insulation. A
small amount of water or special additives is contained within the heat pipe. While water boils
at 100°C (212°F) at sea level, its boiling point decreases with increasing altitude [18]. By
evacuating the heat pipe, the boiling point of water is lowered, allowing the same outcome to
be achieved at lower temperatures. In solar collector applications, the boiling point of the heat
pipe is reduced to 30°C (86°F). As the heat pipe is heated above this temperature, the water
inside vaporizes. The resulting vapor quickly rises to the top of the heat pipe, where it transfers
heat. As the vapor loses heat at the condenser, it condenses back into liquid form, which then
travels back to the bottom of the heat pipe [19].



Figure 10. Installation of evacuated tubes at the testing site.

3.8. Insulation materials and Storage tank

Thermal insulation offers several advantages, including preventing heat loss, reducing energy
consumption, and lowering air-conditioning operating costs. By enhancing thermal insulation,
the amount of heat gained is minimized, which leads to reduced energy usage [20]. In colder
climates, heat tends to transfer from the interior to the exterior, making it essential to place the
insulating layer on the inside of surfaces to minimize heat loss.

A storage tank is used to retain high-temperature water in solar water heating systems. These
tanks typically have a capacity to hold 1.5 to 2 times the daily hot water demand. Tanks are
made from materials such as copper, steel, or aluminum, but the inner lining must be made of
a non-corrosive material that does not contaminate the water, especially in direct systems, and
remains stable at specified operating temperatures. To promote stratification in thermosyphon
systems, the hot water outlet pipe is positioned near the top of the tank [21].

To ensure efficient thermal retention, the temperature of the hot water should not decrease by
more than 8°C over 16 hours. As a result, proper insulation is crucial. Insulation materials like
fiberglass or cork, typically with a thickness of 7 to 10 cm, are recommended for solar water
heating systems to maintain optimal performance [22].

3.9. Fabrication of experimental test set-up
The experimental test setup was fabricated and tested at the solar site in Ratnagiri, Maharashtra
(Lat. 17.05° N; Long. 73.56° E), with a 40° tilt angle, oriented towards the south.

Table 3. Specification of ETSC

Parameters Dimension
1. Diameter of tube 58 mm

2. Length of tube 1800 mm
3. Aperture area 1.92m?

4 No of Tubes 20 Nos

5. Tube wall thickness 1.6 mm



6. Absorber area 1.65 m?
7. Stable vaccum 0.005 Pa

Figure 11 illustrates the closed-loop experimental test setup used to evaluate the thermal
performance of the ETSC. The ETSC is connected to the system via a corrugated steel pipe,
which includes both an inlet and an outlet. A temperature sensor is installed at the inlet to
measure the temperature of the incoming fluid, while another sensor is placed at the outlet to
monitor the temperature of the fluid leaving the collector.

Pressure gauges are positioned at both the entry and exit points of the collector to measure the
pressure drop of the testing fluid. A flow meter is mounted to measure the mass flow rate, with
a hot water pump installed before the flow meter to supply the necessary motive force, ensuring
fluid circulation under pressure. A bypass valve is located on the discharge side of the pump to
adjust the mass flow rate and prevent backpressure buildup in the system. As the hot water
pump circulates the cold fluid through the system, the fluid passes through the collector,
absorbs heat from the solar radiation incident on the ETSC, and becomes heated.

Figure 11. Fabricated ETSC test set up.
The heated fluid then enters the heat exchanger, where it transfers heat to the water inside the
tank. As a result, the temperature of the water in the tank increases, while the cooled fluid is
returned to the system for recirculation.

3.9.1. Thermal efficiency calculations
The useful heat gain (Qu) is calculated as,

Qu =m.C,. (T, = Ty (11)
The heat gain by fluid also written as,

Ou=Ac . Fr.[G (T)-UL(T;-TJ)] (12)
Total input energy on ETSC is,

Qin =Ac.G (13)

Thermal efficiency is calculated by,

_ m.Cp.(To—Ti) _ &
Ac.G Qin

«100 (14)



For quantitative comparison, the relative enhancement in thermal efficiency is defined as
follows:

The relative enhancement in thermal efficiency is calculated as:

Enhancement(%) = W * 100 (15)
water

Where:

nris the thermal efficiency of the nanofluids-based system (%),

Nwater 18 the thermal efficiency of the water-based (baseline) system (%).

4. RESULTS AND DISCUSSION

Initially, water was used as the working fluid in the ETSC setup, followed by testing with

nanofluid samples, and the results were recorded. Solar radiation was measured using a

pyranometer, while wind speed was monitored with an anemometer. The tests were conducted

from 9:30 AM to 4:30 PM, with readings taken every 30 minutes. Four sensors were used

during the experiment to measure temperatures at various locations:

a. Inlet Temperature Sensor (T1): Measures the temperature of the incoming fluid to the
ETSC manifold.

b. Outlet Temperature Sensor (T2): Measures the temperature of the fluid leaving the ETSC
manifold.

c. Water Tank Temperature Sensor (T3): Measures the temperature of the water inside the
tank.

d. Ambient Temperature Sensor (T4): Measures the ambient temperature.

4.1. Effect of solar radiations

Figure 12 illustrates the variation in solar radiation absorbed by the collector and the ambient
temperature data recorded during the test period from 9:30 AM to 4:30 PM. The graph indicates
that solar radiation increases with time, peaking around 1:00 PM, after which it begins to
decline. The trend follows a parabolic pattern, and similar graphical trends for solar radiation
were observed across all test readings.
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Figure 12. Solar radiation, ambient temperature data versus test time.

Based on Figure 12, the maximum solar radiation absorbed was recorded between 12:00 PM
and 1:30 PM, with a peak value of 807 W/m? at 1:00 PM. This highlights a direct relationship



between solar radiation and input energy, with higher input energy observed around noon
compared to the pre-noon and post-noon periods. The ambient temperature also exhibited an
increasing trend throughout the test period, reaching its highest value at 1:00 PM.

4.2. Temperature difference

Temperature difference is a crucial parameter in evaluating the performance of thermal
collectors, as it is directly proportional to their thermal efficiency. For water as the working
fluid, a temperature difference of 6.2°C was observed at a mass flow rate of 0.5 L/min, which
decreased to 5.5°C as the mass flow rate increased to 1 L/min. Similarly, for a volumetric
concentration of 0.0015% GO/DI nanofluid, the temperature differences were recorded as
7.6°C and 6.9°C at mass flow rates of 0.5 L/min and 1 L/min, respectively.

9 8.2
;G 8 7.6 7.5
o 7
2
S 6
£ 5
S
5
§ 3
2.2
5
&1

0

Water 0.0015% 0.0025%
m (0.5 lit/min H 1 lit/min

Figure 13. Maximum temperature difference values of working samples.

The highest temperature differences were observed for a volumetric concentration of 0.0025%,
recorded as 8.2°C and 7.5°C at mass flow rates of 0.5 L/min and 1 L/min, respectively. This
increase in temperature difference can be attributed to the superior thermal conductivity of
graphene oxide compared to water, which enhances the overall thermal conductivity of the
nanofluid samples. Consequently, this improved thermal conductivity leads to an increase in
the overall heat transfer coefficient of the nanofluid samples [23, 24].

4.3. Water temperature inside the tank

The circulation of nanofluid through the ETSC facilitates heat exchange with the water inside
the tank via a copper coil heat exchanger, resulting in an increase in the tank water
temperature. These recorded values are presented in Figure 14 below.
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Figure 14. Temperature of water inside the tank versus working fluid samples.

The water tank temperature rises with an increase in the mass flow rate and volumetric
concentration of the nanofluid. At a mass flow rate of 0.5 L/min and 1 L/min, the maximum
water temperatures were recorded as 62.5°C and 65.6°C, respectively. These values increased
to 65.5°C and 67.5°C for a volumetric concentration of 0.0015% at the same mass flow rates.
The highest water temperatures were observed at the higher volumetric concentration of
0.0025%. This increase in water temperature is attributed to the combined effects of higher
mass flow rates and temperature differences, which are directly proportional to the heat gain
by the fluid. Consequently, increased volumetric concentrations and mass flow rates enhance
the energy absorption, leading to higher water temperatures inside the tank [25].

4.4. Thermal Efficiency

The thermal efficiency of the ETSC using water and GO/DI nanofluid samples was analyzed
at mass flow rates of 0.5 L/min and 1 L/min, as depicted in Figures 15 and 16. The thermal
efficiency of both water and nanofluid samples increased with time during the test, reaching its
peak at 1:00 PM for all samples. After 1:00 PM, the thermal efficiency began to decline as time
progressed. This variation in thermal efficiency is directly influenced by the values of absorbed
solar radiation.
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Figure 15. Variation of thermal efficiency of water and GO/DI nanofluid samples at a mass
flow rate of 0.5 L /min.



The maximum thermal efficiency for water was recorded as 15.9% at 1:00 PM with a mass
flow rate of 0.5 L/min. This efficiency increased with higher volumetric concentrations and
mass flow rates. For a volumetric concentration of 0.0015%, the thermal efficiency reached
18.8% at a mass flow rate of 0.5 L/min. As the mass flow rate increased, the thermal efficiency
of the ETSC also improved, with the highest efficiency observed at a volumetric concentration
0f 0.0025% and a mass flow rate of 1 L/min.
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Figure 16. Variation of thermal efficiency with time for water and GO/DI nanofluid samples
at a mass flow rate of 1 L /min.

The maximum relative enhancement in thermal efficiency of the ETSC was found to be 28.2%
compared to water, calculated based on the percentage increase from the baseline water
efficiency by using volumetric concentration of 0.0025% as compare to water. The efficiency
increment is defined as the relative percentage increase in thermal efficiency of the nanofluid
system compared to the water-based system.

Table 4. Thermal efficiency vs mass flow rate

Samples Thermal efficiency (%) Mass flow rate
0.5 L/min 1 L/min
Water Maximum 15.9 27.3
Average 9.6 12.4
0.0015% Maximum 18.8 29.9
Average 11.6 15.6
0.0025% Maximum 20.7 35
Average 12.6 17.8

In addition to thermal performance, the economic feasibility of nanofluid application is an
important consideration. Although nanofluids are relatively more expensive than water, the
present study utilizes graphene oxide (GO) at a very low volumetric concentration of 0.0025%,
thereby minimizing the additional material cost. The thermal efficiency increases from 27.3%
for water to 35% for the nanofluid, corresponding to a relative enhancement of 28.2%. Similar



improvements in heat transfer performance using nanofluids have been reported in previous
studies [4, 26, 3]. The enhanced efficiency leads to higher heat gain and faster water heating,
which can reduce the dependence on auxiliary energy sources. Over time, the associated energy
savings can compensate for the initial additional cost, indicating that the use of GO/DI
nanofluids offers a practical and economically viable approach for improving solar collector
performance.

It should be noted that the present study is limited to short-term experimental evaluation under
specific climatic conditions, and long-term stability and large-scale economic analysis require
further investigation.

CONCLUSIONS

The experimental investigation of the heat pipe evacuated tube solar collector (ETSC) utilized
GO/DI water nanofluid. Following preparation, the stability of the GO/DI water nanofluid was
assessed and found to remain stable without sedimentation for up to 40 days. The ETSC test
setup was employed to evaluate pure water and GO/DI water nanofluid samples with
volumetric concentrations of 0.0015% and 0.0025% at mass flow rates of 0.5 L/min and 1
L/min, respectively. Key thermal performance metrics, including thermal efficiency, useful
heat gain, and temperature difference, were analyzed. The highest water temperature in the
storage tank (68.1°C) and the maximum thermal efficiency of the ETSC (35%) were achieved
at a volumetric concentration of 0.0025% and a mass flow rate of 1 L/min. This corresponds
to a relative enhancement of 28.2% in thermal efficiency compared to the baseline water-based
system under identical operating conditions. Therefore, graphene oxide-based nanofluids
demonstrate strong potential for enhancing the thermal performance of evacuated tube solar
collectors for sustainable solar thermal applications.
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