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temperature, outlet and inlet heat transfer fluid temperature, and heat gains by was
studied. In addition, the biofluids thermophysical properties and degradation analysis
was conducted and compared with conventional base-fluids. From the results the
biofluids caused enhancement of heat gain in the collector receiver by 9.5%, 6.4% and
3.2% for moringa oleifera kernel oil (MOKO), date kernel oil (DKO) and palm kernel oil
(PKO), respectively. The storage water tank temperature at night fall was 53, 49, 51
and 47°C, for the MOKO, DKO, PKO and water HTFs, respectively. The biofluids were
thermal stable and with no degradation. The biofluids demonstrated potentials as heat

Keywords: transfer fluids in thermal applications but there are needs for more investigations on
Evacuated tube solar collector; biofluid, their enhancement with organically synthesized nano particles to preserve there no
heat transfer fluid; solar radiation; corrosive and toxicity nature, and experimental performance on heat exchangers after
thermophysical properties several heating cycles.

1. Introduction

Renewable solar energy is clean, sustainable, and globally abundant, but intermittent in nature,
and has been used for thousands of years in many ways by people all over the world. This radiant
energy comes from the light and heat of the sun, has been harnessed using a range of ever-evolving
technologies such as solar heating, photovoltaics, solar thermal energy, solar architecture, molten
salt power plants and artificial photosynthesis. The oldest use of solar energy is drying, water and
space heating. Solar thermal collectors (STC), has been employed in harnessing, storing, and
converting solar energy into useful form of energy for domestic and industrial consumption. Different
types of STCs designs are in existence, with the flat plate solar collector, (FPSC), and evacuated tube
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solar collector, (ETSC) considered an important type of solar collector, partly because of their simple
design configuration, low maintenance and applications in low and medium temperature operations
[1]. The ETSC has advantage because of less convection heat losses, high absorbance, high surface
area, and high temperature difference with surrounding, low maintenance, low weight and higher
efficiency value compared to FPSC.

Heat transfer fluid, (HTF) is an important component in STCs, and contribute hugely to the overall
efficiency of the systems. Several studies on different types of HTFs used to improve the thermal
performance and overall efficiency of ETSC are available in literatures [1-4]. Studies on conventional
base fluids like propylene-glycol / water mixture, [5], ZnO ethylene glycol / water mixture, [6];
Synthetic and aromatic fluids like theminol oils [7], halide salt mixture, [8]; Nanofluids like
CeO?/water nanofluid [9], carbon nanotubes, [10], copper nanofluids, [11], AlOs/distilled water
nanofluid, [12]; Hybrid nanofluid like titanium dioxide nanofluid, [13], supercritical CO?, [14],
graphene nanoplatelets nanofluid, [15]. Despite the several reports and performance enhancement
achieved using these base fluids, hybrid fluid and nanofluids, the HTFs enhancement in thermal
collectors are still low, besides the problems of melting / boiling temperatures of base fluids,
corrosion and clogging of pipe ducts and micro-channels needs to be addressed and more
importantly, the issues of toxicity, arising from the chemically synthesized base fluids are source of
concern for manufacturer and consumer alike. One such ways of mitigating this setback is by the use
of biofluids as HTFs in a thermally driven heating and cooling systems.

Biofluids have been long studied by several researchers on their physicochemical properties [16-
18], structural elucidation [18,19], medicinal and health properties [20,21], cosmetics and allied
properties [22]. Whereas few studies [17,23], investigated on thermal and physical properties of oils.
While fewer studied on their mechanical and thermophysical properties. Therefore, biofluids from
Moringa Oleifera seed (Moringaceae) kernel, Date seed (Phoenix dactylifera L) kernel, and Palm seed
(Elaeis) kernel are investigated in this study for heat transfer applications in solar thermal collectors.

2. Materials and Methods
2.1 List of Materials and Equipment

Biofluids of moringa oleifera kernel, date kernel and palm kernel, thermal constant analyzer,
evacuated tube solar collectors (ETSC), storage water tanks (SWT), coil heat exchanger, solarimeter,
centrifugal pump, connecting valves, timer, thermocouples, flowmeter, data-logger, differential
scanning calorimetry (DSC), thermogravimetric (TGA).

2.2 Description of the Experiment

The outdoor examinations were carried out in Perak, Malaysia (4.5921° N, 101.0901° E), for 4
months period from 7am—-7pm daily, to represent all weather conditions. The evacuated tuber STCs
and storage water tanks was operated simultaneously to provide accurate thermal performance
comparison between HTFs. The SWT, capacity was 70 liters, a coil heat exchanger of 1500mm long,
10mm diameter provides constant heat flux from the ETSC to the SWT in a close-loop connection.
Aperture area of 1.85m?, gross area 1.85m?, width 750mm, length 1895mm, height 142mm, 8
vacuum tubes, absorbance 0.93, emission factor 0.006, net weight of 44kg, glass wool, and thickness
60mm. There was no water drawn-off during experiment, and 0.5kg/s flowrate was implemented. K-
type thermocouples were equally spaced around the outer surface of the ETSC and SWTs and
extended to temperature indicator. Figure 1 shows the schematic diagram of the experimental setup.
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Fig. 1. Schematic of evacuated tube solar thermal collector

ASHRAE standard 93-2003, was employed in examination of the collector performance, which
highlighted the outdoor test variation was 610 w/m? and 785w/m? for average monthly solar
radiation during cloudy and sunny weather conditions, with maximum variation period was 23 and
+34 W/m?2. In addition, the maximum variation of ambient temperature during data period was
+1.5°C, for test period of 15 mins.

2.3 Laboratory Measurement Thermal Analysis

Table 1 shows the thermophysical properties of the biofluids HTFs and compared with
conventional base fluid - water. The thermal conductivity values of the biofluids are less than water,
with MOKO have the highest thermal conductivity, specific heat, and enthalpy values of 0.1698
W/m.K, 1984.01 MJ/m3K and 59.46 J/g, respectively. The average enthalpy values of the biofluid are
53 kJ/kg, which is less than the enthalpy value of water 123.23 kJ/kg, but the biofluids have higher
melting and boiling temperature compared to the water. Higher melting point indicates greater
intermolecular forces and therefore less vapor pressure [24,25]. This implies the biofluids can be used
for high temperature operating HTFs in heat transfer applications, with average melting and boiling
temperature at 26°C and 201°C. Besides, the setback of freezing and clog formation which can block
pipes and tubing ducts connections, the issues of corrosion, toxicity [26,27], from the chemically
synthesized conventional base fluids and base fluid mixtures, and health issues are raising serious
concerns among manufacturing and consumers.

Table 1

Thermophysical properties of biofluids oil

Heat Thermal Specific Viscosity (1)  Density Enthalpy Melting

Transfer Conductivity Heat at 30°C Kg/m3 (kJ/kg) /Boiling

Fluids N Wmk? 1/(kg.K) at 30°C Temp
30°C (eC)

Water 0.6072 4180.12 1.0034 997.53 123.24 0/100

MOKO 0.2098 2384.01 35.3625 0.8742 59.46 23 /186

DKO 0.1384 1597.42 29.6511 0.7123 42.30 28 / 205

PKO 0.1421 1813.51 32.3342 0.9281 52.14 27 /213
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Thermal analysis of the biofluids showed no degradation as shown in the DSC and TGA in Figure
2. During melting and crystallization, two peak values was observed, the primary and secondary peak
values was (-51: 5) °C and (-48: -3) °C, for the MOKO and PKO, respectively. Although, the DKO
biofluids showed identical heat transition pattern but with triple peaks. The primary and secondary
peak values during melting and crystallization was (-58: -4) °C, respectively. The sharp difference in
the biofluids glass transition temperature can be traced to the enthalpy difference, the DKO was 7.2%
less off the enthalpies of the MOKO and PKO. The TGA curve of the biofluids are consistent, there
was no weight loss observed, after degradation temperature measurement. Biofluids unlike mineral
oil and synthetic aromatic-based HTFs do not produce sludge that blocks pipe plugging, seal wear
and fouling of heat exchange surfaces in heat transfer systems, [26,28].
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Fig. 2. Thermal analysis of MOKO, DKO and PKO (a) DSC - Melting (b) DSC - Crystallization and (c) TGA

2.4 Uncertainty Analysis

In any experimental or measurement design, uncertainty analysis is an important aspect of the
program. The system performance is determined from the systematic and random uncertainties
which comprises the combined experimental uncertainty considered. The errors from measuring
instruments, data recording or calibration errors are referred to as the systematic uncertainties.
While errors caused by scattering or fluctuations in measured data are referred to as systematic
uncertainties. Herein, the results of the calculated uncertainty analysis for the experimentation of
the heat gain and evacuated tube solar collector efficiency are presented.
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3. Result and Discussion
3.1 Experimental Measurement Heat Transfer
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Figure 3(a) and (b) shows the variation in daily average solar radiation for October 2020 and
January 2021. Four days was selected among the test period to represent both sunny and cloudy

weathers.
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The maximum and minimum direct irradiation recorded in October 2020 was 918 W/m2 and 444
W/m?, respectively. Whereas the maximum and minimum daily direct radiation recorded in January
2021 was 938 W/m? and 556 W/m?, respectively. Both days were selected for the experimental
measurement because it represented cloudy and sunny weather conditions. On overall, the average
monthly direct radiation was 623 and 725 W/m?, respectively.

Figure 4(a) and (b) shows the variation of direct irradiation during the outdoor measurement. The
measured data on October 8 and 21, 2020, and January 4 and 25, 2021, between 9am to 7pm was
selected. Solar influx contributes to performance of solar thermal collector, during sunny weathers,
thermal collectors absorbs high amount of radiation, and converts to heat and electricity for domestic
consumption [2,29]. Thermal performance of the ETSC in terms of heat flux, HTFs temperature and
SWT temperature is presented and discussed.
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Fig. 4. (a) Direct normalirradiance variation during experimental test of the
evacuated receiver January 2020 (b) Direct normal irradiance variation
during experimental test of the evacuated receiver October 2020

3.2 Heat Gain Analysis

The changes in heat gain in the evacuated tube receiver (ETR) measurement is captured in Table
2 for the biofluids and water base fluid. The highest heat gain record was achieved during peak
radiation period (afternoon), during both cloudy and sunny weathers. Heat gain increases as the HTF
temperatures, which is caused by increase heat flux and solar radiation, [30,31]. The average heat
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gain for ETR was 8025W for water HTF. When the biofluid was used as HTF, the average heat gain
increased by 9.5%, 6.4%, and 3.2% for MOKO, DKO and PKO HTFs, respectively.

Table 2

Measured ETSC heat gain enhancement for biofluid HTFs and water
Time Radiation HTFs heat gain enhances percentage (%)
Hourly W/m? Water MOKO DKO PKO
10:00 341 7983 8713 8342 8569
12:00 889 9019 1122 9816 1001
14:00 1040 8901 9915 9814 9436
16:00 712 6073 6935 6672 6598

Between the biofluids, the MOKO HTFs was optimal, and the reason was because of the higher
melting and boiling temperature compare to others. Besides, the MOKO enthalpy was 18.5% higher
than the rest biofluids, though with higher viscosity values which requires more pumping power.
Also, the condensation characteristics of HTFs in heat exchangers is reduced with less volatility, thus
increasing the rate of heat transfer, [32]. The behavior of the HTFs temperature at the outlet of the
ETSC receiver is shown in Figure 5. The temperature at the outlet of the ETSC depends on factors
such as the design configuration, surface area, HTF type, heat flux etc. [33-35]. In this study, it was
observed that the average HTF temperature was enhanced at the peak irradiation for the three
biofluids.
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Fig. 5. Evacuated tube outlet HTF temperature for biofluids (a) Sunny weather case 1 (b) Sunny weather
case 2 (c) Cloudy weather case 1 and (d) Cloudy weather case 2
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The HTF temperatures was 77, 64 and 69°C for MOKO, DKO and PKO, respectively, at case 1
measurement. During case 2 measurement, 65, 61 and 59°C, was obtained for MOKO, DKO and PKO,
respectively. The average HTFs temperature of the ETR is 73, 70 and 68°C for MOKO, DKO and PKO,
respectively, during case 1. Whereas during case 2, the average HTF temperature is 65, 62 and 59°C
for MOKO, DKO and PKO, respectively. However, the PKO had optimal performance during case 2
because of accumulated heat flux and strongly due to higher solar irradiance received. The biofluids
HTFs thermal performance was better than the water HTFs.

The relationship between the HTFs temperature and storage water temperature is presented in
Figure 6. A decrease in temperature causes an increase in humidity, [36-38]. From the result, the
daily maximum SWT temperature and average daily SWT temperature for water-HTF was 60.26 °C
and 45°C, respectively. Similarly, daily maximum SWT and daily average HTF temperature for MOKO,
DKO and PKO was (64.62; 48.80) °C, (61.16; 46.45) °C, and (58.44; 44.88) °C, respectively. The HTFs
temperature of the MOKO at the outlet of the ETSC receiver and the inlet of the storage water tank
was same because no heat loss is recorded. However, the gradient between the storage water tank
inlet and outlet temperature was 4°C. The storage water temperature increased as the HTFs
temperature gradient increased with the highest gradient at 7°C. The increment can be traced to the
increase in solar radiation. Overall, the biofluids impacted the storage tank water temperature better
than the water. The average storage water tank temperature was 56, 52, 48 and 50°C, for the MOKO,
DKO, PKO and water HTFs, respectively, for case 1. And for case 2, the storage water tank
temperature was 51, 47, 43 and 45°C, for the MOKO, DKO, PKO and water HTFs, respectively.
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3.3 Uncertainty Analysis of the Experiment of the Heat Gain

The margin of error for the heat gain is acceptable, where the maximum error is £3.1%. The mean
percentage of error is £2.86%. The maximum percentages of error in the three cases are £2.6%, £2.9%
and £3.1% for data cases of 152°C, 158°C, and 170°C, respectively.

3.4 Uncertainty of the Evacuated Tube Solar Collector

Efficiency - Accordingly, the predicted uncertainty of the receiver efficiency for the cases was
within the range of £ 2%. It is low due to high accuracy of the instruments used in the experiments.

4. Conclusion

The intrinsic nature of biofluid resources because of their thermophysical and chemical
characteristics from biomass waste and by-produce conversion into useful energy carriers because
of the biofluid limitations. Needs to evaluate the advances of biofluids production processes, identify
their potential applications, appropriate feedstocks, suitable power generation systems,
technoeconomic values and environmental impacts. The integration of biofluids with power
generation systems, in thermal and electrical can contribute new economic dynamics by creation of
new feedstock demand and supply, thereby impacting the economic positively, without undermining
food impacts. It has been observed that the biofluids can be used as heat transfer fluid in many
thermal applications because of the enhancement in heat transfers. The biofluids (MOKO, DKO and
PKO), studied were thermally stable, as no degradation or weight lost is recorded. There
thermophysical properties was comparable to conventional water base HTFs, also the non-corrosive
and non-toxic property is an advantage over synthetic chemical and aromatic oils. By using biofluids,
in heat exchanging devices like solar thermal collectors, micro and macro heat channels, heat engines
and thermal electronics cooling applications may be made more energy efficient and compact.
Biofluids has a promising future in industry applications, there are opportunities to interact biofluids
into power generation systems, though the need for evaluation on suitability with current and future
technology is essential.
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