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Abstract

This experimental study aims to energetically axelgetically compare the performance of a
PVT system with sheet-and-plain serpentine tublecilr (base PVT system) with two cases
of modified PVT systems. The modified PVT systeme ¢he replacements of plain
serpentine tube with rifled serpentine tube withb3 (3-start rifled PVT system) and 6 ribs
(6-start rifled PVT system). The electrical paraenatf the PV module without cooling is
compared with the three cases of the PVT systerh witoling. The cooling fluid is
water/magnetite nanofluid. The effect of nanoflfiav rates (20-80 kg/hr) and nanoadditive
volume concentrations (0-2%) over the three casetheo PVT system is investigated to
propose a suitable combination of flow rate and ¢dAcentration offering the best energetic

and exergetic performances. Thus, the 6-startdriB®T system achieved a maximum of
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22.5% and 3.8% higher overall energy efficiencyd &M%, and 1.9% higher overall exergy
efficiency than the base and 3-start rifled PVTietyss at flow rate and concentration of 80
kg/hr and 2%. Finally, the electrical power genedaby the base, 3-start rifled, and 6-start
rifled PVT systems achieved maximum enhanceme2 &%, 29.5%, and 31.5% compare

to the PV module without cooling.

Keywords. PVT system; rifled serpentine tubes; nanofluid;naantrations; energy

efficiency; exergy efficiency.

1. Introduction

As reported by scientists, non-renewable energycesuwill be exhausted by the end of the
22" century [1]. Hence, significant attention is painl renewable energy sources and
development of renewable energy systems. Solaggim&one such renewable energy source
that is extensively used to meet energy demandT]R2é conversion technologies of solar
energy have been assiduously investigated and pdteyvadvances in recent decades have
been carried out in this area, including photovol{®V), photochemical, photothermal, and
photovoltaic-thermal (PVT) systems as a third-gatien solar systems. The defining feature
of all these collectors, that differentiates theranf other solar systems, is perhaps the
cogeneration of heat and electricity [3]. PV systsnone such kind of solar-based power
generation unit. In the PV system, the productibelectricity is realized due to the falling of
sunlight on the semi conductive materials (silicoft)ese semi conductive silicon materials
are referred to as solar or PV cells in the fiefldRY technology [4]. The electricity
generation is the result of potential differenceoas the negative and positive poles that
actuates the flow of electrons. But, the exposedcPNs to the scorching heat from the sun

leads to a high PV module operating temperature. Aigh operating temperature of the PV
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module deteriorates the PV electrical efficiency. [bo overcome the demerit of the PV
module, the thermal collector was conceptualizedl 976 by Wolf [6] and termed as a
photovoltaic thermal (PVT) collector system. In hysical form, the PVT system has a
thermal collector placed below the PV module. Tiezrhal collector has a fluid channel that
enables the fluid to flow through the back surfafethe PV module and results in
withdrawing the unutilized heat present in the Pdduie’s surface [7]. This heat withdrawal
leads to improved PV electrical efficiency and dtaoeously provides thermal energy. The
thermal energy received is employed for low headliagtions like industrial and domestic
applications [8].

Since the technological evolution of the PVT systamever-ending attempt is in the process
to amplify its efficacy in terms of both thermal daelectrical energies. Many pieces of
research have explored the possibilities of imprguhe overall efficiency of air and water-
based PVT systems by employing techniques suclptamination of design parameters [9-
10], inclusion of heat exchanger in flow channel-¥4], flow configurations [15,16],
glazing/unglazing [17, 18], etc. Apart from airdawater, some other conventional fluids are
used as coolants for the PVT system such as etytgycol and motor oil. These
conventional fluids are also termed as anotherifstggnt parameter to withdraw heat from
the flow channel. Motor oil and ethylene glycol @®sociated with higher cost and lower
economic benefit. Nanofluids are a promising optsncooling fluids because they possess
superior thermal properties over ordinary fluide-4].

The suitability of a nanofluid as a cooling fluil PVT systems has been explored by many
scientists in recent years. Yazdanifard et al. [5led the PVT system under the laminar and
turbulent flow for two different nanofluids. Thisonk has shown that the addition of NAs
increases the overall efficiency which is more daamt for turbulent flow rather than laminar

flow. The investigation further indicated that far turbulent flow, energy, and exergy
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generated from the PVT system were higher for &dndNA diameter, while for laminar
flow, an opposite behavior was witnessed. Agaiwas revealed that the aluminum oxide
(Al2,03) nanofluid has a higher efficiency than the titemi oxide (TiQ) nanofluid.
Moradgholi et al. [26] reported an experimentablgtusing methanol mixed ADz; nanofluid.
The study showed that the use of;@d/methanol nanofluid decreases the PV module
temperature by 14.5°C which simultaneously gendraté W higher power output. A sheet
and tube-based PVT system with,@¢/water, ZnO/water, and Tiglwater nanofluids were
numerically studied by Sardarabadi and Passandideth{27]. This research evidenced that
the thermal performance of the PVT system is betteen it is operated with ZnO/water
nanofluid whereas the better electrical performasdmparted by the ADs/water nanofluid.
Purohit et al. [28] numerically investigated a canabon of water and alumina as a
nanofluid for the PVT system and compared with wager-based PVT system in terms of
working performance. They reported a 25% enhancemeverall working performance for
the nanofluid-based PVT system as compared to #tervbased PVT system. However, this
study also revealed that at the same pumping pawer,percentage enhancement falls to
13.8% for the water-based PVT system comparedeaménofluid-based PVT system. Al-
Waeli et al. [29] studied a nanofluid (SiC/wategskd PVT system. The prepared nanofluid
was introduced into the phase change material (P@WR to check its effect on the PV
module temperature. It was found that the PV modetaperature reduced considerably.
Another concept of PCM was implemented by Hassah. ¢80] where a hybrid PCM based
nanofluid was used as a coolant for the PVT systemvas shown that the used nanofluid
enhances the system’s electrical efficiency by #3when compared with the water-based
PVT system. A techno-economic study was experintigntarried out by Al-Waeli et al.
[31] where a paraffin mixed nano-SiC nanofluid waade to pass through the backside of

the PV module. The study reported that this maodiion improved the electrical efficiency
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from 7.1 to 13.7%, as well as provided 72% thereiféiciency. On the other hand, the
techno-economic section of the study suggeste@dkiback period and electricity cost as 5-6
years and 0.125 $/kWh. A new theoretical approaah @stablished by Fudholi et al. [32] to
evaluate the performance of nanofluid-based PVTieays In this study, an aqueous
suspension of Ti@was utilized as NA for the nanofluid preparatioheTindings reported a
13-25% augmentation in the energy efficiency of FNET system due to the utilization of
NAs in comparison to pure water.

Exergy and entropy are the two important conceptshe thermodynamical systems, the
former shows the system’s ability to execute usefork whilst the latter indicates the
system’s inability to execute useful work [33]. Timeportant concept of exergy is used in
nanofluid-based PVT system also by various reseasc[B4-38]. Sardarabadi et al. [34]
experimentally investigated the performance of flar SiC/water nanofluid in PVT
system. The authors reported the exergy efficieoicypure water (19.36%) increased to
22.61% and 24.31% for 1 wt% and 3 wt% of SiC nanopeas, respectively. Ag/water
nanofluid with 4 wt% in nanoparticle content wasds¢d and compared with the traditional
PVT system by Aberoumand et al. [35]. They condludeat the PVT system’s exergy
efficiency and electrical power was enhanced by 20 10%, respectively, with nanofluid
over the traditional PVT system. Another study topiove the PVT system’s exergy
efficiency was performed by Hosseinzadeh et al].[¥®r this purpose, they used a
combination of nanofluid (ZnO/water) and PCM (p&rafwax), which resulted in an
attainment of 13.6% of overall exergy efficiencyithVa similar objective of improving the
exergy performance, a microencapsulated PCM sluay used as a cooling fluid by Yu et
al. [37]. In their study, the exergy performanceswaapped with the variation of the melting
point and slurry concentration. It was found tha increase in melting point and slurry

concentration increased the exergy efficiency. Hénraet al. [38] investigated a PVT system
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with two different nanofluids, Ag/water and Al/watgarying NA concentration. It was
shown that the higher NA concentration results ighér heat transfer properties for both
nanofluids. On the other hand, Ag/water nanofl@dutted in a better PVT system’s exergy
efficiency as compared to the alumina/water nambfior the same NA concentration.

As reported before, some previous works have beaducted to evaluate and improve the
energy and exergy generation capacity of the naitbBased PVT systems. This is also the
objective of the present work to improve the enexgg exergy performance of the traditional
nanofluid-based PVT system by replacing, in addjtihe plain serpentine tube with a rifled
serpentine tube. To the best of our knowledge etergy and exergy analysis of the PVT
system with a riffled serpentine tube collector In@ver been conducted in the past. The
effects of nanofluid flow rate (20-80 kg/hr), andANolume concentration (0-2%) on the
energy and exergy performances of the modified Bys§fems are studied and compared with
that of traditional system. A suitable combinatioinflow rate and NA concentration that

offers the best energetic and exergetic performaiscelentified.

2. Experimental set-up

The objective of this research is investigate thegperimental cases of the PVT system
coupled with the use of nanofluids and evaluatebibs option based on energy and exergy
analysis. The first case is the plain serpentie tBVT system which is considered as the
base case. The other two PVT systems are the roaftiliins of the base PVT system, which
is done by replacing a plain serpentine tube wittiled serpentine tube with 3 ribs (3-start
rifled PVT system), and 6 ribs (6-start rifled Pgystem).

The dimension considered for the serpentine tuld nsm in inner diameter and 2 mm in
thickness, and the collector is made of copper. ddikector is positioned at the back of the

PV module by applying thermal grease while serpentubes are attached to the collector
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surface with the help of soldering process. To cedbeat loss from the back surface of
collector, the serpentine tubes are insulated wiitime wool. Both the height and width of
ribs used in the 3-start and 6-start rifled PVTisysare 0.4 mm, while the rib pitch is 1 mm.

The schematic presentation of the considered PgieBys is illustrated in Fig. 1.
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Fig. 1. Schematic view of the (a) sheet-and-serpentine tatiector, (b) plain serpentine tube, (c) 3-

start rifled serpentine tube and (d) 6-start rifedpentine tube.

As mentioned above, the objective of this workoi€dmpare three cases of the PVT system
considering similar input conditions such as radratntensity and ambient temperature. For
such reason, a solar simulator is fabricated téoparthe experimental investigation under
the laboratory situations. The solar simulator ¢isf an aluminum box (1 nos.), DC fan (4
nos.), 10 W LED lamps (4 nos.), 400 W reflectorignt-dysprosium-lamp (RSDL) also
described as metal halide lamp (4 nos.), and anpA&se-cut dimmer (1 no.). The first
objective is to achieve a similar radiation inténg{126,582 lux1000 W/n? [39]) and
ambient temperature (22 °C) throughout the experinahich has been measured by a lux
meter (BFO6-Trotec-type) and a thermocouple (K-typ&e PV module (Eco-Worthy type)
used for the four cases has a dimension of 32 crb>x@t, a power weightage of 10 W and
consists of 72 solar cells. A photograph and ingurspecifications of the PV module are
respectively given in Fig. 2(a) and Table 1. Thagerature at 20 different locations over the
PV module (shown in Fig. 2(b)) is also measuredhwhe help of K type thermocouples. The
temperature measurements are recorded by a dataldggdgMO type). To calculate the
electrical energy, the current and voltage impakgdhe module during its functioning are

measured by a multi-meter (LUTRUN-type). The wodkifiluid used in the present
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investigation is nanofluid, which requires a puragpush it from the inlet to the outlet of the
serpentine tube. The pump operates on a DC soudtdas a head capacity of 3.5 m. The
pump also facilitates different pumping speeds Wwhscanother requirement for the present
investigation as various mass flow rates are usedhé study. The pumping speed is
measured by utilizing a rotary flow meter (M1000@alema). The pressure drop caused by
the nanofluid across the surfaces of the tubesaabus flow rates is measured by a
differential type pressure transmitter (3051CD-Rwsent). The circulation process of the
nanofluid takes place in a closed cycle. The nambfis placed in a 2L capacity reservoir
through which the nanofluid is pumped into the edibr with the help of a tube and collects
heat from the PV module. This cyclic process car@smuntil steady conditions are achieved.
Another criterion in the comparative analysis ihéwe a constant inlet temperature which is
maintained throughout the trial and error methodphgsing the nanofluid through a plate
type heat exchanger. The nanofluid, when passiogi¢ih the heat exchanger, rejects its heat
to a separate coolant (mixture of water and etleylglycol) prepared through a constant
temperature bath. The schematic diagram and resbgtaph of the utilized experimental
setup are respectively shown in Fig. 3(a) and Ifbportant specifications of the utilized

equipment are also presented in Table 2.

Table 1. Technical characteristics of the studied PVT uinite current investigation [40].

PV solar cell (Under standard test conditions)

Type Mono-crystalline silicon
Nominal power output (W) 10
Maximum efficiency (%) 16

Number of cells 72

Fill factor 0.726



Dimensions (mm) 33x18x20

Weight (kg) 0.82
Short circuit current (A) 0.69
Open circuit voltage (V) 20.6
Temperature coefficient of power (%) -0.47
Temperature rangéq) -40 to 80
Tempered glass thickness (mm) 3.2

202

203

204 (a)

205

206 (b)

207 Fig. 2. (a) A photograph of PV module and (b) placemerihefmocouples at the front surface of the PV

208 module.
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210
211

212
213

214

215

Water bath

Heat exchanger

Tank

7@ TPPT 00D

PV/T unit % | }

A: Ampere meter
@ L: Lux meter

M: Flow meter
P: Pressure transducer
T: Thermocouple
V: Volt meter

Data logger

@)

Heat exchanger |

Multi-meter

(b)
Fig. 3. (a) Physical representation and (b) real photdyddjihe experimental setup [40].
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216 Table 2. The specifications of instrument used in the eixpental study [40].

Precision

Instrument Model Range
(from manufacturer)

Luxmeter TROTEC-BF06 0-40 kIx +5%=10 Ix
Thermometer K-type -200-1260 °C +0.75%
Temperature sensor TES-1327 K -150-1260 +0.1% -FC
Multimeter DC voltage LUTURON-DW6060 0-600 V +0.8%
Multimeter DC current LUTURON-DW6060 0-10 A +1%
Rotary flow meter Malema-M10000 -0.1 to 225 Lit/min +2%
Pressure transmitter Rosemount 3051CD 0-2.07 MPa % +1
Liquid density gravity meter KEN-DA130N 0-2 g/ém +0.001 g/cri
Thermal properties analyzer Decagon-KD2 0.02-4 \W/m. +5%

217

218 3. Nanofluid preparation and its specification

219 The co-precipitation method is used to preparewhe&r/magnetite nanofluid [24] for the
220 present experimental investigation. The differamicpsses associated with the preparation of

221 the water/magnetite nanofluid are:

222 1. Addition of 67.58 gm of FeCGL6H,0 in 100 ml of 2M hydrochloric (HCL) acid.

223 2. Addition of 39.76 gm of FeGL4H,O in 100 ml of 2M HCL acid.

224 3. The compositions obtained in the above processesl 2 are mixed in a ratio of 4 to
225 1 using a magnetic stirrer for 2 minutes at 100 RPM

226 4. 50 mL of 0.7 M ammonia hydroxide under intenserigtly is introduced dropwise to
227 the solution obtained in process 3 for 10 min & R®M.

228 5. The solution obtained in process 4 is placed dvempermanent magnet with the help
229 of a container. The permanent magnet dischargechdgnetic NA and settled it into
230 the bottom surface of the container.

12
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6. The magnetic particles are added with 8 ml of 2B#@methylammonium hydroxide
and the final solution underwent a centrifugatioogess for 1 minute at 4000 RPM.
7. The magnetic NAs prepared in the previous stepsafficiently poured into pure

water and the resulting solution is stirred usingnagnetic stirrer for 30 min at 300

RPM.
All the above-mentioned processes are also pres@mi schematic representation in Fig. 4.
The stability of the prepared nanofluid samples wasstigated using the fact that the
instability of the fluid led to the deposition ofAd and, therefore, the change in nanofluid
viscosity over time. Therefore, the nanofluid visitp was measured every day for three
weeks by means of a density gravity meter at teatper of 23°C (liquid type, DA-130N,
KEN Japan), and the results showed that the vigcobanges were negligible within three
weeks. The necessary thermophysical propertieseoptepared nanofluid are given in Table
3. Thermal conductivity of NF was measured usingD®2-Pro thermal properties analyzer
(Decagon devices, USA) that operates based omrahsiént hot wire technique. This device
has a probe (KS-1) that must be placed in theisoldbr 90 seconds during the test. To be
more precise, the thermal conductivity measurenveast repeated 5 times at 20-minute
intervals (to allow thermal stability), and the walreported in Table 3 is actually the average
of the values obtained from the 5 experiments. Btibrate the device, the thermal
conductivity of glycerol and water was measure@@C and the obtained values (0.274
W/m.K for glycerol and 0.586 W/m.K for water) wetcempared with the values in a valid
source (0.285 W/m.K for glycerol and 0.598 W/m.K vaater) [41]. The difference between
the experimental results and the values reportethénref. [41] was less than 3.9%. In
addition, the densityp(,r) and specific heatcf ,,r) of nanofluid were computed using the
following equations [42]:

pus = (L= @)pyw + @pyp (1)

13



(A= @)pwepw + Pppcy,
Cp,nf _ wpz;\;/ 124 (2)

255  where ¢ is the NA volume concentration and the subscrigfs w andp stands for the
256  nanofluid, water and NA. The density and specigathof magnetite NAs are respectively

257 5200 kg/miand 670 J/kg.K and the specific heat of water i894Yl/kg.K [42].

258
| FeCl,
259
260 Fig. 4. Various steps of the preparation of water/magaeténofluid [40].
261
262 Table 3. Thermophysical properties of the prepared nambflagueous magnetite).
NA concentration (%) Heat capacity (J/kg.K) Thermahductivity (W/m.K) Density (kg/M
0 4179.0 0.610 997.10
0.5 4089.39 0.695 1018.11
1 4003.40 0.873 1039.13
1.5 3920.83 0.917 1060.14
2 3841.46 0.961 1081.16
263

264 4. Energy and exergy formulation
265 The concept of the PVT system was developed toivedbermal energy and electrical
266 energy simultaneously. Keeping this in mind, thespnt study is aimed to improve the

267 thermal and electrical performances of the trad#iglain serpentine tube collector by some

14



268 design modifications as discussed in section 2. détailed formulation of energy, exergy,
269 and electrical energy are presented in this section

270  The thermal behavior of the PVT systems is charaet@ by its ability to produce total
271 thermal energy with respect to the total solar g@neeceived. This process is termed as

272 thermal energy efficiencgn,;) of the PVT system [8]:

_ MpsCpny (Tnfo - Tnfi)

Nen = x 100 3)

Lso1Apvm

273 whereT,s;, Thro, My andc, respectively denote the inlet temperature, outletpgerature,
274 mass flow rate, and specific heat capacity of narfIn addition,Is,, andA,,,, are the

275  striking radiation intensity and PV module areapexctively.

276  Similarly, the electrical behavior of the PVT systés characterized by its ability to produce
277  electrical energy with respect to the total solargy received. This process can be termed as

278  electrical energy efficiencgn,;) of the PVT system [8]:

V;)vmlpvm - E

Net = e 100 (4)

IsolApvm
279  wherel,,,, andV,,, are respectively the output current and outputagel of the PV
280 module.Eelp is the fluid pumping power which can be calculaasd43]:

_ ThupAP
pnfnp

()

Eelp

281 where AP and p,r are the pressure drop and density of the nanofltedpectively.
282  Additionally, 17, is known as pump efficiency (=75%).

283 Thermal energy is characterized as low-grade enesipereas electrical energy is
284 characterized as high-grade energy [8]. The coroersf electrical energy into thermal
285 energy is possible with an approximate efficientt@% while the opposite behavior is not
286 feasible. The PVT systems can be assessed and wmpased on the overall energy
287  efficiency which can be determined as [44]:

15



Nei
Novth = Nen + ﬁ (6)

288  where0.36 is the conversion coefficient of a coal-based pqui@nt [44].
289 Exergy is one of the important applications of seeond-law of thermodynamics and
290 is characterized as the maximum work theoretigadlgsible from a thermodynamic system.
291 Accordingly, the exergy efficiency of the PVT systés characterized by the percentage of
292 the maximum theoretically possible output that banachieved as an actual desired output
293  [35]. Therefore, it is important to assess the aNezxergy scenario of the PVT systems
294 which is the summation of the thermal exergy effiy and electrical exergy
295  efficiency(Meiex) [8]:

Novex = Ntnex + Netex (7)
296  wheren ., is thermal exergy efficiency which is defined as thtio of thermal exergy gain
297  from the PVT system to the exergy of sun radiaf8i 45]:

Tomp + 273

Mg Cpnf (Taro = Tui) [1 " T ¥ 273
Nthex = x 100 (8)

_ é Tamb l Tamb *
IsorApvmapy [1 3 (TsunY) T3 (TsunY)

298  whereasn, ., IS the electrical exergy efficiency expressedhasratio of the electrical power

299  gain from the PVT system to the exergy of sun tazhg31, 45]:

vamlpvm - Eelp

= x 100
Nelex _é Tamb l Tamb 4 (9)
IsolA vm%py 1 +
p p 3\TgunY 3\TgunY

300 whereTy,, andTy,, are the ambient temperature and sun temperagspectively £5800
301 K). In addition, a,,, is the absorptivity of PV panet(.9) and Y is the interaction factor,

302  which is determined as follows [45]:

1/4

Y= (}{_j ) (10)
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wheree, ande, are the dilution factors for incoming solar radiatand PV panel emitted
radiation, respectively. In additioy, is the geometric factor for solar collector gfids the
geometric factor for solar radiation defined asrdi@ of concentration of solar collectar)(

to the maximum concentration of solar radiatioteael of earth orbit@,,,)-

5. Uncertainty analysis

To assess the accurate findings of the experimesitaly, the uncertainty of the used
instruments must be considered. In this study, maicgy analysis is carried out via the
method established by Moffat [46] which identifibe uncertainty of the dependent variable

(D) as a function of the independent variabtés @, ..., d,) as expressed below:

2 2

50 = (22 5,) + (22 50,) 44 (22 5a,) GHl
—J\ovd, ad, * ad, "

In the above equatiom, represents the parameter’s uncertainty. The owsatemonstrated
that in all the experiments conducted in the curmemntribution, the uncertainty of the
parameters was less than 5.21%, which is a jusifigalue. The details of the uncertainty

calculations are given in “Appendix A”.

6. Results and discussions

The performance of the three cases of the PVT sykies been experimentally investigated
in this work. The three cases of the PVT systenehmen studied under indoor solar testing
facilities for a range of nanofluid flow rates (80-kg/hr) and NA concentration (0-2%). The

base, 3-start rifled, and 6-start riffled PVT sysseare compared with each other in terms of
thermal and electrical performances at the mentidloav rates and NA concentrations. The

thermal energy performance of the three casessmusised in the first sub-section whereas

the second subsection explains the thermal exezggnmance. The third subsection details
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the electrical energy performance of the experialeatrangements. Finally, the electrical
performance of the three cases under the coolindenalso compared with those of the PV

module without cooling.

6.1. Thermal energy and its related efficiency
Fig. 5 displays the thermal energy output gainedhleythree cases of the PVT system under
the influence of the nanofluid flow rates and NAncentrations. It is witnessed that an
increase in the flow rate and NA concentration ltesin a corresponding increase in the
thermal energy output for all the three cases,the, minimum thermal energy output has
been observed at a flow rate and NA concentrati@®dg/hr and 0% whereas the maximum
value has been observed at 80 kg/hr and 2%. Thisaguse the thermal energy gained by the
PVT system depends on the magnitude of the flow asd outlet fluid temperature. The
increase in the flow rate directly influences thertnal energy gained by the PVT system
whereas an increase in the flow rate has a negaffeet on the outlet fluid temperature
which results in a decrement of thermal energy .géine effect of flow rates dominates the
effect of outlet fluid temperature and resultedam enhancement of thermal energy output
with an increase in nanofluid flow rate (20-80 kg/The reason for the enhancement in the
thermal energy output with the increase in NA comi@ion from 0-2% at a given flow rate
is due to the greater thermal conductivity of n&undfat higher NA concentrations (see Table
3). The explained behavior of thermal energy outputh the flow rates and NA
concentrations is quantified below.
It is observed that for the base PVT system wherfldw rate increased from 20-80 kg/hr at
a 0% NA concentration, the thermal energy outputrdased by 21.9%. At a similar
condition, this percentage improvement for theatgtfled, and 6-start rifled PVT systems

has been evaluated to 24.2% and 24.4% respectivetya similar increment in the flow rate
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(20-80 kg/hr), at a 2% NA concentration, the thdrewergy output enhancement for the
base, 3-start rifled, and 6-strat rifled PVT systes121%, 24.8%, and 25.2% respectively.
On the other hand, when NA concentration incredsed 0-2% at a flow rate of 20 kg/hr,
the thermal energy output increased by 17.1%, 1988% 19.4% for the base, 3-start rifled,
and 6-start rifled PVT system. For a similar incesinin the NA concentration (0-2%), at a
flow rate of 80 kg/hr, the thermal energy outpubhamcement for the base, 3-start rifled, and
6-start rifled PVT systems reaches 16.3%, 20.4%,26n2% respectively.

The crux of this investigation is to also direatlympare the three cases of the PVT system. It
is seen that the 6-start rifled PVT system hasgghdrithermal energy output as compared to
the 3-start rifled and base PVT systems at any awatibns of flow rate and NA
concentration. It is seen that at a 2.0% and 8brkaf/ NA concentration and flow rate, the 6-
start rifled PVT system has gained thermal enengyput of 39.7 W against 28.49 W and,
37.71W of the base and 3-start rifled PVT systehe &-start rifled PVT system has a 39.3%
and 5.3% higher thermal energy output than the l@ask 3-start rifled PVT systems at
maximum flow rate (2 kg/hr) and NA concentratiodd It is seen that when the base PVT
system is modified into the 3-start rifled PVT ®yatby adding 3 ribs, the thermal power
output enhanced. Similarly, when the 3-start rifl®dT system is modified into the 6-start
rifled PVT system by adding 6 rifled ribs, the tmal energy output further enhanced as
guantified in the above discussions.

Two factors can be considered as the reasons i®b#havior: first, the rifled tube has a
higher heat transfer surface area compared to ke fube, and secondly, due to the
centrifugal force, the rifled tube entails the dubtation and, in consequence, the mixing of

near-wall hot fluid with the cold fluid passing ttugh the central region of the tube.
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Fig. 5. Thermal energy output of the base, 3-start riftad] 6-start rifled PVT systems at different

flow rates and NA concentrations.

Table 4 and Fig. 6 show respectively the thermargyn efficiency and overall energy

efficiency of the base, 3-start rifled, and 6-stédtéd PVT systems for a range of nanofluid
flow rates (20-80 kg/hr) and NA concentrations §8)2 It is seen that both parameters
increase with an increase in the flow rate and NAcentration. The minimum value of these
parameters has been achieved at a combinatiore diAhconcentration and flow rate of 0%

and 20 kg/hr, while the maximum value is achieve20a and 80 kg/hr for all the three cases.
The reasons for an increase in the value of theenalgy efficiency and overall energy

efficiency with NA concentration and flow rate aienilar to the case of thermal power.
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In terms of quantitative value, it is evident fromable 4 and Fig. 6 that as the flow rate
increased from 20-80 kg/hr at a 0% NA concentrattbe thermal energy efficiency of the
base, 3-start rifled, and 6-start rifled PVT systenhanced by 21.9%, 24.3%, and 24.4%,
while these values are 21%, 24.8%, and 25.2% &b &2 concentration for a similar range
of nanofluid flow rate. Again, the effect of incediag NA concentration at a given flow rate
has also been observed in terms of thermal eneffgyeacy. It is seen that as the NA
concentration increased from 0-2% at 20 kg/hr,thieemal energy efficiency of the base, 3-
start rifled, and 6-start rifled PVT systems impedvby 17.1%, 19.9%, and 19.4%, while
these values are 16.3%, 20.4%, and 20.2% at tiaerfite of 80 kg/hr for a similar range of
NA concentration. On the other hand, when the theses are compared with each other, it
has been observed that the 6-start rifled PVT myséehieved highest thermal energy
efficiency of 57.7% against 41.4%, and 54.8% oflthee and 3-start rifled PVT systems at
the combination of maximum flow rate (80 kg/hr) 8% concentration (2%). This indicates
that the 6-start rifled PVT system has 39.4%, aBddhigher thermal energy efficiency than
the base and 3-start rifled PVT systems.

Coming to the overall energy efficiency behaviotltd three cases of the PVT system, it has
been observed that the base, 3-start rifled, astd®+ifled PVT systems achieved an overall
energy efficiency in the range of 64.66-78.04%,68202.08%, and 75.05-95.58% for the
range of flow rate (20-80 kg/hr) and NA concentrat{0-2%). These ranges suggest that the
6-start rifled PVT system has generated 22.5% aB@bJigher overall energy efficiency
when compared with the base, and 3-start rifled BRy3tem at a maximum flow rate (80
kg/hr) and NA concentration (2%). The reason fa& tlominance of the 6-start rifled PVT
system over the base, and 3-start rifled PVT systetarms of thermal energy and overall

energy efficiency is the same as explained foictse of thermal power.
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412

413 Table 4. Thermal energy efficiency of the base, 3-stakedif and 6-start rifled PVT systems at differeotflrates and NA concentrations.

Mass flow rate

Base PVT system

3-start rifled PVT system

6-stled PVT system

(kg/hr)
NA concentrations |, 05 1 15 2.0 0.0 05 1 15 20 0.0 05 1 15 2.0
—

(%)
20 202 | 306 | 3L7| 326 342 368 386 401 415 430 863 406 | 422| 437 461
40 312 | 326 | 338| 348 365 393 416 434 451 477 154 436 | 455| 471| 497
60 333 | 349 | 361 37.1| 388 422 445  46)5 483 500 464 471 | 491| 51| 537
80 356 | 371 | 385| 395| 414 455 477 5000 517 548 804 503 | 526| 543 577

414
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Fig. 6. Overall energy efficiency of the base, 3-statedf and 6-start rifled PVT system at different

flow rates and NA concentrations.

6.2. Thermal exergy and its related efficiency
Figs. 7 and Table 5 display the thermal exergy wugmd thermal exergy efficiency gained
by the three cases of the PVT system under theeinfle of the nanofluid flow rates and NA
concentrations. It is shown that these three parmhéor all the three cases increase with an
increase in flow rates (20-80 kg/hr) and NA concatiins (0-2%). The reason for an
increase in the value of these three parametets avitincrease in the flow rate and NA
concentration is the same as explained in the saties 6.1. The minimum value of these
three parameters is achieved at a combination otbdi#centration and flow rate of 0%, and

20 kg/hr, while the maximum is obtained for 2% &adkg/hr.
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While observing the effect of increasing flow rdtem 20-80 kg/hr at a given 0% NA
concentration, the thermal exergy output for theeba&-start rifled, and 6-start rifled PVT
systems is enhanced by 44.4%, 55.5%, and 60.9%oamsin Fig. 7. On the other hand, at
2% NA concentration, these percentage enhancenagatseported as 53.4%, 70.1%, and
76.5% under similar flow rate variations (20-80H@/ Again, when the effect of increasing
NA concentration (0-2%) is observed at a given fi@ate of 20 kg/hr, the thermal exergy
output for the base, 3-start rifled and 6-strdedifPVT systems is enhanced respectively by
7.4%, 6.3%, and 6.2%, while these correspondin@recgments at 80 kg/hr are observed to
be 14.1%, 16.3%, and 16.5%. Again, when these tases are compared with each other, it
has been found that the 6-start rifled PVT systasidained a highest thermal exergy output
of 1.2 W against 0.89 W and 1.14 W of the base Zusthrt rifled PVT systems at the
maximum flow rate and NA concentration of 80 kgdimd 2%. It can be said that the 6-start
rifled PVT system has 34.8% and 5.3% higher therem&rgy output than the base and 3-
start rifled PVT systems.

The effect of increasing flow rate at a given NAncentration and vice versa in terms of
thermal exergy efficiency is also evaluated in thigestigation (Table 5). It is evidenced that
as the flow rate increased from 20-80 kg/hr atv@m@iNA concentration of 0%, the thermal
exergy efficiency increased by 45.9%, 56.2%, arh &0 the base, 3-start rifled and 6-start
rifled PVT systems, respectively, whereas at 2% bdncentration, these percentage
enhancements are 53.6%, 72.3%, and 76.4%. Similaign NA concentration increased
from 0-2% at a given flow rate of 20 kg/hr, therthal exergy efficiency increased by 8.7%,
6.2%, and 5.4% for the base, 3-start rifled andaé-sifled PVT systems, whereas at 80
kg/hr, these percentage enhancements are repostet4d.8%, 17.2%, and 16.2%. The
comparison of the three cases shows that 6-sfeet iPVT system has achieved thermal

exergy efficiency of 3.07% against 2.29% and 2.98%4he base and 3-start rifled PVT
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systems at 80 kg/hr and 2% NA concentration, whitgdans that the 6-start rifled PVT
system has 34%, and 4.7% higher thermal exerggi@iity than the base and 3-start rifled
PVT systems.

Fig. 8 displays the overall exergy efficiency asole by three cases of the PVT system at
different flow rates and NA concentrations. Theeya&start rifled, and 6-start rifled PVT
systems gained an overall exergy efficiency inrdrege of 25.99-27.71%, 26.63-28.82%, and
26.96-29.36% for the range of flow rate (20-80 Kp/land NA concentration (0-2%). The
ranges discussed with the help of the Fig. 8 ikaraepresentation of an increasing overall
exergy efficiency with the increase in flow ratedddA concentration for all the three cases.
These ranges also suggest that the 6-strat rifléd $ystem has the highest overall exergy
efficiency as compared to the other two configuradiof the PVT system at any combination
of flow rate and NA concentration. It is seen taat30 kg/hr of flow rate and 2% of NA
concentration, the 6-start rifled PVT system hasegated 5.9%, and 1.9% higher overall

exergy efficiency than the base, and 3-start riR& systems.
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473 Table 5. Thermal exergy efficiency of the base, 3-statédf and 6-start rifled PVT systems at differenotflrates and NA concentrations.

Mass flow rate

Base PVT system

3-start rifled PVT system

6-stflety PVT system

(kg/hr)
NA concentrations |, 05 1 15 2.0 0.0 05 1 15 2.0 0.0 05 1 15 2.0
—
(%)
20 137 | 142 | 144 | 146 | 149 | 16 | 1.67 | 167 | 1.68 | 1.7 | 165 | 1.68 | 1.7 | 1.72 | 174
20 167 | 172 | 1.77 | 181 | 1.87 | 201 | 21 | 247 | 222 | 233 | 212 | 219 | 226 | 2.31 | 2.38
60 184 | 101 | 1.98 | 201 | 21 | 227 | 238 | 247 | 253 | 264 | 24 | 25 | 259 | 2.66 | 2.76
80 2 208 | 215 | 219 | 229 | 25 | 26 | 273 | 279 | 293 | 264 | 2.74 | 285 | 2.92 | 3.07
474
475
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Fig. 8. Overall exergy efficiency of the base, 3-statedf and 6-start rifled PVT systems at different

flow rates and NA concentration.

6.3. Electrical energy and its related efficiency
The concept of the PVT system was developed toceethe operating temperature of the PV
module as the high value of the PV module tempezadeteriorates its electrical efficiency.
So, in the present investigation, the temperatéitteo PV module and electrical power have
been initially observed without cooling it by naluid. Under this condition, the value of the
PV module temperature and electrical power have bbserved as 346 K and 7.530 W. The
investigation has been further extended to moniter difference of the PV module

temperature without coolingy(,) and the PV module temperature with cooliffig,{) for the

three cases of the PVT system as shown in Figh8.vRlue ofT,,-T,,; has been found in
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the range of 23.56-32.77 K, 26.53-35.97 K, and 287.88K for the base, 3-start rifled, and
6-start rifled PVT systems respectively when tleflrate increased from 20-80 kg/hr and
NA concentration from 0-2%. It is seen that thg-T,,, difference increases with the

increase in flow rate and NA concentration forth# three cases. Fig. 9 further suggests that

the maximum',,,-T,,, difference has been observed at 80 kg/hr and 2%cdikentration

for all three cases and the 6-start rifled PVT eyshas thd,

which is 15.6%, and 5.3% higher than the base asidrB rifled PVT systems, respectively.

-T,,¢ difference of 37.88 K

The reason for the high&,,-T,,. difference for the 6-start rifled PVT system otleg base

and 3-start rifled PVT systems is due to the edffitiheat transfer from the back of the PV

module due to the 6 rifled ribs.
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Fig. 9. T,,,-Ty, difference of the base, 3-start rifled, and 6tsifled PVT systems at different flow

rates and NA concentrations.

Fig. 10 and Tables 13 and 14 display the electpoaber, electrical energy efficiency, and
electrical exergy efficiency achieved by the thises of the PVT system under the
influence of the increasing flow rate and NA cortcation. It has been observed that these
three parameters increase with an increase inldhe rate (20-80 kg/hr) at any given NA
concentration. When the flow rate increased fror8@kg/hr at 0% NA concentration, the
electrical power for the base, 3-start rifled arst&t rifled PVT systems increased by 3.6%,
3.4%, and 2.8%, whereas at 2% NA concentratiorsetipercentage enhancements are 3.4%,
3.3%, and 2.5%. The similar percentage enhancemaeatschieved in terms of the electrical
energy efficiency and electrical exergy efficienfty the three cases at 0% and 2% NA
concentration as the flow rate is increased fron8@&g/hr. The reason for the increase in
the electrical efficiency at a given NA concenwatiwvhen the flow rate is increased from 20-
80 kg/hr is the higher efficient heat transfer. Hower, the behavior of the electrical
parameters is not consistent when the utilizedetbeses are compared with each other as the
NA concentration is increased from 0-2% at a giflew rate. This is because when the NA
concentration increases, both viscosity and thewoabductivity of the nanofluid increases
[24]. The increase in the viscosity results in hayhssure drop which causes high power
consumption. On the other side, the increase inthitkemal conductivity improves the PV
cooling capacity and therefore increases the @éatfpower capacity of the PVT system. So,
it is seen that for the base case when the NA cdrat®n increased from 0-2% at 20 kg/hr,
the electrical power, electrical energy efficienagd electrical exergy efficiency decrease by
0.1%, whereas at 80 kg/hr, these parameters relduce.3% because of higher power

consumption at 2% NA concentration compared to @ NA concentration, which
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outweighed the significance of higher conductivijowever, for the 3-start rifled PVT
system, it has been observed that as the NA camtemnt increased from 0-2% at 20 kg/hr,
the electrical power, electrical energy efficieneypd electrical exergy efficiency increased
by 0.07% because of a better conductivity capafithe nanofluid coupled with the effect of
3-start rifled ribs that resulted in a high elesti power from the PV module that
outperformed the problem of power consumption. Hevethese three parameters for the 3-
start rifled PVT system are decreased by 0.04%0&tg8hr because of the same reason as
explained for the base PVT system. In the casheobtstart rifled PVT system, the electrical
power, electrical energy efficiency, and electrieaérgy efficiency are increased by 1.3% at
20 kg/hr, and 1.1% at 80 kg/hr, as the NA concéotras increased from 0-2%. This is due
to the fact that the nanofluid coupled with thet&-srifled ribs results in a better PV cooling
and hence a better electrical behavior.

Finally, this investigation shows that the maximwetectrical power, electrical energy
efficiency, and electrical exergy efficiency acheevin the case of base PVT system is 9.604
W, 13.958%, and 25.498% at 0% NA concentration,redthe counterpart values for the 3-
start rifled PVT system are 9.753 W,14.175%, and2%% at a 1% NA concentration, and
for the 6-start rifled PVT system are 9.902 W, 98%, and 26.291% at a 2% NA
concentration. All these maximum values for thee¢hcases have been achieved at the flow
rate of 80 kg/hr. This shows that the 6-start diffvVT system has generated 3.1%, and 1.5%
higher electrical power compared with the maximusiug achieved by the base and 3-strat
rifled PVT systems. A similar percentage enhancenmas been observed for the 6-start
rifled PVT system over the base and 3-start rifRadl' system in terms of electrical energy
efficiency and electrical exergy efficiency.

The main objective of the PVT system is to enhaiheeelectrical performance of the PV

module. So, at the beginning of the study, thetetad power generated by the PV module
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553  without cooling was observed and recorded as 7\83@nd in the end, it is compared with
554  the maximum electrical power generated by the theses with cooling. So, the base, 3-start
555  rifled, and 6-start rifled PVT system showed thecpatage enhancement of 27.5%, 29.5%,

556  and 31.5% of electrical power when compared withRNW module without cooling.

557
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560 Fig. 10. Electrical power of the base, 3-start rifled, &rstart rifled PVT systems at different flow

561 rates and NA concentrations.
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563
564

565

566

567

Table 6. Electrical energy efficiency of the base, 3-stditd, and 6-start rifled PVT systems at differélotv rates and NA concentrations.

Mass flow rate )
Base PVT system 3-start rifled PVT system 6-stflety PVT system
(kg/hr)
NA concentrations | 445 | 05 1 15 | 20 | 00 | 05 1 15 | 20 | 00 | 05 1 15 | 20
—

(%)
20 13.471| 13.477] 13.478 13.47 13.458 13.700 13/703.7183 13.719, 13.710 13.850 13.903 13.949 14.p01 3B4
40 13.623| 13.631] 13.634 13.63 13.620 13.860 13.855.8703 13.863| 13.867 13.985 14.080 14.075 14.121 574
60 13.816| 13.8200 13.819 13.80 13.777 14.039 14,033.0394 14.038| 14.022 14.152 14.158 14.197 14.p43 8D4
80 13.958 | 13.953 13.951 13.93 13919 14171 1473.17%4 14.174) 14.165 14.233 14.291 14.329 14.364 934
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Table 7. Electrical exergy efficiency of the base, 3-stdleéd, and 6-start rifled PVT systems at differlotv rates and NA concentrations.

Mass flow rate

Base PVT system

3-start rifled PVT system

6-stlety PVT system

(kg/hr)
NA concentrations | ) 05 1 15 2.0 0.0 05 1 15 20 0.0 05 1 15 2.0
—

(%)
20 24.609| 24.619| 24.623| 24.607| 24.585| 25.027| 25.034| 25.052| 25.026| 25.047| 25.298| 25.395| 25.481| 25.576| 25.637
0 24.887| 24.901| 24.908| 24.902| 24.882| 25.321| 25.312| 25.338| 25.326| 25.333| 25.547| 25.628| 25.71 | 25.795| 25.861
60 25.239| 25.246| 25.246| 25.217| 25.168| 25.647| 25.635| 25.647| 25.645| 25.616| 25.85 | 25.862| 25.934| 26.017| 26.085
80 25.498| 25.489| 25.487| 25.451| 25.428| 25.887| 25.80 | 25.894| 25.892| 25.876| 26 | 26.104| 26.175| 26.237| 26.291
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7. Conclusions

In the present experimental investigation, thresesaf the PVT system were investigated for
various nanofluid flowrates and NA concentratiohsese three cases are base PVT system,
3-start rifled PVT system, and 6-start rifled PWitem. It has been found that the increase
in the flow rate and NA concentration from 20-80tkg and 0-2% increases the thermal
performance of all three cases of the PVT systamthEr, it has been found that the 6-start
rifled PVT system has achieved a maximum of 22.54d 3.8% higher overall energy
efficiency, and 5.9%, and 1.9% higher overall exeefficiency than the base and 3-start
rifled PVT system, respectively. In terms of eleal performance, the base and 3-start
rifled PVT system, has achieved maximum performatd@o and 1% NA concentrations at
the flow rate of 80 kg/hr, whereas for the 6-stdléd PVT system, the maximum electrical
performance has been achieved at 2% NA concentratmal the flow rate of 80 kg/hr.
Further, it has been concluded that the 6-stderiPVT system has achieved 3.1% and 1.5%
higher electrical power as compared with the bask3astart rifled PVT systems. It is further
found that the 6-start rifled PVT systems has aade 31.5% higher electrical power with

respect to the PV module without cooling as comghéméts counterparts.
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593  Appendix A: Details of uncertainty analysis

594 - Pumping power:

Eetp = f (s, B0, Pz, Ty )

. 2 . 2 . -
(SEelp 5Eelp (SEelp 5Eelp
Ufsyy,, = f(umanuAPlupnf’ unp) = \]<6mnf Uinge | +\5ap Yar | 8pns Upny | F 51, ity

sy _ <u_mnf> F () <@> +<ﬂ> = 3.0%
Eelp Myy AP Pnf o

595

596 - Electrical energy efficiency:

Net = f(vaml Lyym, .elp' I_sol'Apvm)

2 2 2 2
Uy, =f (u u Ug u Uu ) = O1et u + &u + 0Ny Us + (67761 u )2 + 6Met u
Nel Vovm? ®lpvm’ “Eetp’ “lsor” “Apvm 5Vp1;m Voum 5Ip1;m fpom 5Eelp Betp 81501 fsot 8Apvm Apom

. 2 . 2

Uy, 100 2 2 2 <Eelp - vamlpvm > (Eelp - vamlpvm >
= Lyymuy +(Vpumus + | —ug + u + u =5.19%
Net IsolApvmnel ( pum pvm) ( pum pvm) ( Eem) Isol fsot Apvm Apom
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597

598

599

600

- Thermal energy efficiency:

Nen = f(mnfr Confr Tnfo' Tnfu I_solr Apvm)

unth = f (umnf’ uCp,nf’ uTnfo’ uTnfi’ ulsol’ uApvm)

SNen “ (S L S 2 (61 N
_\]<6mnfumnf> + 6Cp_nfuCp’nf + 6TnfOuTnfo + 6TnfiuTnfi +(rsolulsol> + 6ApvmuApvm

2 2 2 2 2
u U n u n uTn 4 uTn i u 2 Ua vm
Nth — < ’m f) + < Cp, f) + < f > + < f > + ( Isol) + < 14 > — 4.43%
Nth mnf Conf Tnfo - Tnfi Tnfo - Tnfi Isol Apvm

- Electrical exergy efficiency:

Nelex = f(vaml Ipvm' Eelp' I_sol' Apvm: Tamb)

unelex = f (quvm’ ulpvm’ uEelp’ ulsol’ uApvm’ uTamb)

6nelex ? 5nelex ? 6nelex ? (677elex )2 6nelex ? <677elex )2
= —-—Uu +|(——u + T Ug + u +|——u +|(———u
\/<6V£mm Ypvm 6Ipvm fpvm 6Eelp Fetp 61501 fsot 6Apvm Apom 6Tamb Tamb
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=521%

601

602 - Thermal exergy efficiency:

Nthex = f(mnfr Confr Tnfo' Tnfu I_sol' Apvm' Tamb)

unthex = f (umnf’ uCp,nf’ uTnfo’ uTnfi’ ulsol’ uApvm’ uTamb)

vamI pvm

)2 + (_uEelP)z + <E€lp -

Isol

ISO

—4T3,, + 12T3 , 2
u
3Tdm Tamp

2 .
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N s
Apvm

2
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2 2 2 2
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Sty SCpny P 8Ty O 8Ty 1 Slgg 1ol 8Apum
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2 2
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Nthex mnf Conf Tnfo - Tn

603
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Highlights:

* Energetic and exergetic performances of a nanofluid-based PVT unit are assessed.

* The unit is equipped with a sheet-and-rifled serpentine tube collector.

* Aqueous suspension of magnetite nanoparticles is considered as coolant.
 Energetic and exergetic performances of the unit intensify with boosting ¢ and 7.

» Overdl energy and exergy efficiencies of rifled PV T unit is better than base unit.
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