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Abstract: This paper presents the continuation of experimental investigations conducted by the
present authors to measure and compare the thermal and fluid dynamic performance of a residential
hydronic air coil using nanofluids. The prior experiments were limited to testing only one volumetric
concentration (1%) of aluminum oxide (Al2O3) nanofluid. They compared it with the base fluid,
a 60% ethylene glycol/40% water mixture by mass (60% EG). The original tests revealed some
deficiencies in the experimental setup, which was subsequently revised and improved. This paper
summarizes the results of experiments from the improved test bed using three concentrations of
Al2O3 nanofluids: 1, 2, and 3% volumetric concentrations prepared with an average particle size of
45 nm in a 60% EG dispersion. The test bed in these experiments simulates a small air handling system
typical of heating, ventilation, and air conditioning (HVAC) applications in cold regions. Entering
conditions for the air and liquid were selected to emulate typical commercial air handling systems
operating in cold climates. Contrary to previous findings, our test results revealed that nanofluids
did not perform as well as expected. Prior predictions from many analytical and numerical studies
had promised significant performance gain. The performance of the 1% nanofluid was generally
equal to that of the base fluid under identical inlet conditions. However, the performance of the
2% and 3% nanofluids was considerably lower than that of the base fluid. The higher concentration
nanofluids exhibited heat rates up to 14.6% lower than the 60% EG and up to 44.3% lower heat
transfer coefficient. The 1% Al2O3/60% EG exhibited a 100% higher pressure drop across the coil
than the base fluid, considering equal heat output. This performance degradation was attributed to
the inability to maintain nanofluid dispersion stability, agglomeration, and subsequent decline in the
thermophysical properties.

Keywords: agglomeration; air handler; aluminum oxide; coil; concentration; convective; heat transfer;
entropy; nanofluid; nanoparticle; thermophysical properties; settling; stable dispersion

1. Introduction

Liquid suspensions that have been supplemented with extremely small particles (less
than 100 nm in their characteristic dimension, called “nanoparticles”) in suspension are
often referred to as “nanofluids”. The addition of the nanoparticles can alter the thermo-
physical and rheological properties of the base fluids in ways that can be exploited for
benefit in various applications. Heat transfer fluids supplemented with nanoparticles have
been shown in studies by multiple authors to exhibit superior thermal conductivity to those
of conventional heat transfer fluids. Choi [1] is recognized for publishing some of the early
work examining the potential for enhanced thermal conductivity of nanofluids caused by
dispersing particles with favorable properties. The enhanced thermal conductivity is based
on analyses using correlations developed for fluids with micrometer-sized particles [2–4].
Other authors have conducted research that suggests that nanofluids exhibit superior Nus-
selt numbers to conventional fluids in turbulent internal flows [5,6]. The higher Nusselt
numbers exhibited by nanofluids correspond with enhanced convective heat transfer coeffi-
cients compared to conventional heat transfer fluids. The viscosity of fluids supplemented
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with nanoparticles is altered depending on the particles’ mean diameter and concentration.
Under certain flow conditions (for constant average liquid velocity, for instance), this can
result in higher pumping losses and a reduction in Reynolds number at a given flow rate,
which can, in turn, actually decrease the Nusselt number compared to conventional fluids.
The impact upon viscosity also varies strongly depending on temperature. These factors
must be weighed against each other in evaluating the suitability of nanofluids for use in
any heat transfer application.

Liquid-to-air finned heat exchangers (or “coils”) are commonly used to heat or cool
air in building HVAC systems. These heating/cooling coils typically employ rows of close-
packed metallic (usually aluminum) fins mechanically attached to thin-walled copper tubes
(see Figure 1). A heat transfer fluid passes through the copper tubing while air passes over
the close-packed fins, transferring heat between the heat transfer liquid and the outside air.
Liquid and air travel in a “crossflow” pattern. These heating coils are found in installations
of widely varying frontal areas ranging in projected area from 100 cm2 and larger. Large
heating coils are used in central air handling units, while smaller versions are employed in
unit heaters and duct-mounted coils. The superior thermal conductivity of nanofluids may
be exploited in different ways. Increased thermal output for a given surface area under
identical inlet conditions may reduce the heat transfer area required for a desired heat
rate. Reducing the total required heat transfer area (i.e., lower fin density) may translate
into lower air-side pressure drop and fan power consumption. Additionally, this could
yield a reduction in the volume of required metals for construction. An increase in the heat
transfer coefficient at the inside surface of the tubing for a given flow rate may also result
in the reduction of the required liquid flow rate for a given rate of heat transfer, thereby
offering the potential for a reduction in liquid pumping power consumed over the life of
the heating coil.
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Figure 1. Hydronic fin-tube heating coil tested [7].

An analytical model was developed by Strandberg and Das [8] to compare the
performance of hydronic heating coils with Al2O3, CuO, and SiO2 nanofluids of vary-
ing concentrations with conventional fluids. Their work showed that coils filled with
Al2O3/60:40 EG/water (by mass referred to as 60% EG) nanofluids exhibit superior ther-
mal performance to coils filled with 60% EG base fluid. An important finding was that the
largest potential benefit of nanofluids in terms of pumping power reduction for a given
heating output occurs under conditions where the coil operates at less than design capacity.
In general, HVAC systems operate under “off-design” conditions for a significant portion of
the time. Therefore, nanofluids may generate significant reductions in energy consumption
over the life of a typical HVAC system.

Strandberg and Das [8] predicted a significant enhancement in the heat transfer coef-
ficient for the nanofluid as the volumetric concentration increased compared to the base
fluid at a constant Reynolds number. The analyses indicated that all nanofluids analyzed
should exhibit superior thermal output relative to the base fluid over a wide range of
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Reynolds numbers. Tables 1 and 2 below contain the thermal output generated using
the aforementioned analytical model for coils with an identical physical configuration
and entering conditions circulating 60% EG and Al2O3/60% EG nanofluids with 1, 2, and
3% particle volumetric concentrations.

Table 1. Analytical model heat rates for various heating fluids over a range of Reynolds numbers [9].

Re
Fluid/Heat Rate (W)

60% EG 1% Al2O3/60% EG 2% Al2O3/60% EG 3% Al2O3/60% EG

1500 1970 2269 2574 2839

3000 3154 3540 3907 4273

4500 4003 4433 4776 5064

6000 4571 4989 5312 5578

Table 2. Analytical model heat rates for various heating fluids over various volumetric liquid flows [9].

.
V (L/s)

Fluid/Heat Rate (W)

60% EG 1% Al2O3/60% EG 2% Al2O3/60% EG 3% Al2O3/60% EG

0.031 2063.0 2237.3 2342.1 2412.4

0.063 3273.1 3501.1 3635.2 3723.9

0.094 4126.5 4370.4 4511.3 4603.5

0.126 4691.6 4929.7 5065.6 5153.7

No existing literature reporting on experimental work concerning the performance
of nanofluids in a hydronic heating coil was available. Therefore, to fulfill this need,
Strandberg and Das [7] conducted an experimental study of the heat transfer performance
of 1% Al2O3/60% EG with a liquid-filled, finned air coil of the type typically found in
small residential air handling systems similar to that used in this present paper. One
deficiency of the Strandberg and Das [7] study was that the liquid supply temperatures
were considerably lower than those typically used in most commercial and industrial
HVAC systems in sub-arctic regions (e.g., Alaska). At these lower temperature conditions,
the study found that the nanofluid-filled coil’s heat rates were nearly identical to those
of the 60% EG-filled coil over a range of Reynolds numbers. It was believed that the
potential benefits of nanofluids with a 60% EG base fluid would increase at higher entering
liquid temperatures since the viscosity of nanofluids decreases with increasing temperature,
while thermal conductivity increases with temperature. Therefore, the improvements in
thermophysical properties at relatively higher temperatures would facilitate better heat
transfer performance relative to the base fluid.

Vajjha et al. [5] empirically determined the performance of nanofluids comprised
of Al2O3, CuO, and SiO2 nanoparticles dispersed in 60% EG. They developed a series
of correlations for Nusselt number and friction factor under fully developed, turbulent
flow conditions in a straight, cylindrical copper tube. The investigators found that Al2O3
nanofluids exhibited superior performance to the other nanofluids. Pandey and Nema [10]
documented the performance of an Al2O3/water nanofluid working fluid in a brazed
plate heat exchanger and reported that the 2% nanofluid exhibited superior heat transfer
performance of the nanofluids tested. An experimental study by Farajollahi et al. [11]
empirically evaluated the heat transfer performance of water-based nanofluids with TiO2
and γ-Al2O3 in a shell and tube heat exchanger under turbulent flow conditions. Both
nanofluids exhibited superior heat transfer performance to water (the base fluid). In an-
other experimental study by Peyghambarzadeh et al. [12,13], the heat transfer performance
of water- and glycol-based nanofluids with Al2O3 nanoparticles in an automotive-type ra-
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diator was measured. They found that the nanofluids exhibited better cooling performance
than the base single-phase liquids.

In our experimental investigation, we encountered challenges due to the poor per-
formance of nanofluids due to the degradation of surfactant and dispersant, which made
the fluid vulnerable to particle agglomeration and subsequent loss of thermophysical
properties, as well as a reduction in the convective heat transfer coefficient and the heat
transfer rate. Other researchers who conducted experimental studies have also experienced
such challenges. Sommers and Yerkes [14] conducted experiments with 10 nm Al2O3
particles dispersed in propanol in a 0.75 inch ID copper pipe. They found that only the 1%
concentration gave a better heat transfer coefficient than the base fluid. With the increase
in concentration, the thermal performance degraded. The 3% concentration with high
pressure drop gave inferior thermal performance compared to the base fluid. They also
observed nanofluid discoloration at high flow rates and temperature after circulating them.

Eneren et al. [15] encountered similar challenges in their experiments on water-based
Al2O3, TiO2, and polystyrene nanosuspensions circulated inside silicon microchannels. The
thermal performance of the Al2O3 nanofluid was slightly better than the base fluid for
a 0.2% nanoparticle concentration. Beyond that, the performance steadily declined from
0.3 to 0.5 to 1% concentrations. They also observed the discoloration of the nanofluids,
which they attributed to the erosion of materials caused by larger nanoparticles on the
surface of the silicon microchannels. Therefore, significant challenges exist to achieve the
success of nanofluids in practical systems.

Objective

The objective of the present experimental investigation is to compare the perfor-
mance of a heating coil filled with Al2O3/60% EG nanofluid in various particle concen-
trations to the coil’s performance with 60% EG at higher temperatures. The experiment
was designed to improve upon the earlier experiments of Strandberg and Das [7] using
a modified setup. The earlier setup had limitations of low liquid supply temperatures of
325 K and a test environment with inlet air temperatures that were not well controlled. The
revised experiment was reconfigured with a higher temperature heat source that permitted
increasing the liquid supply temperature to 350 K. The test bed was also relocated to
a new location with more consistent ambient air temperatures. These improvements
allowed experiments to more closely mimic the conditions of use in a conventional commer-
cial air handling system. The Al2O3/60% EG nanofluid was selected based on the findings
of Ray et al. [16] in a study of heat transfer performance in a mini-channel plate heat
exchanger that indicated it had the potential for substantially better performance than the
60% EG in the temperature ranges that comfort heating systems typically operate. Also,
Al2O3 nanoparticles are readily available from commercial sources in colloidal disper-
sions, easily procured and formulated with ethylene glycol into a nanofluid of the desired
composition. It has also been observed that Al2O3 nanofluids performed better in forced
convection applications than CuO and SiO2 nanofluids [5].

The main objectives were to test three concentrations of Al2O3 nanofluids and com-
pare their performance based on heat transfer rates, frictional pressure loss, and required
pumping power through a hydronic coil under various flow and temperature conditions.
Furthermore, the experimental results involve additional analysis to evaluate the thermo-
dynamic performance of the nanofluids considering the entropy generation and exergy
consumed in the heat transfer process.

2. Experimental Setup

The testing was performed using a test loop with modifications to that employed
by Strandberg and Das [7]. In the present study, the experimental setup comprised of
a small air handler with a blower, a hydronic coil, and a Venturi tube, as shown in Figure 2.
On the liquid loop, a circulator, a brazed plate heat exchanger, a motorized control valve,
and a flow meter were employed, as shown in Figure 3. The test bed was connected to
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a thermostatically controlled 4.5 kW electric water heater, shown in Figure 4 in the top
left corner, which served as the heat source for the testing. This improved the previous
test bed used in [7]. A pump circulated hot water through the primary side of the plate
heat exchanger, which heated the secondary side of the test loop (also a pressurized loop)
through the wall of the heat exchanger. The hydronic coil system was constructed of
1.27 cm (0.5 in) O.D. copper tubing. An inline centrifugal, wet-rotor-type circulator [17]
pumped the fluids through the loop. The air handling unit employed a centrifugal fan
drawing air through ductwork and other appurtenances, including a hydronic heating coil
and a Venturi meter that was connected with intermediate sections of the rectangular duct
work. The Venturi meter had been calibrated by the manufacturer [18] to give accurate
volume flow measurements.

Appl. Nano 2024, 5, FOR PEER REVIEW 5 
 

 

2. Experimental Setup 
The testing was performed using a test loop with modifications to that employed by 

Strandberg and Das [7]. In the present study, the experimental setup comprised of a small 
air handler with a blower, a hydronic coil, and a Venturi tube, as shown in Figure 2. On 
the liquid loop, a circulator, a brazed plate heat exchanger, a motorized control valve, and 
a flow meter were employed, as shown in Figure 3. The test bed was connected to a ther-
mostatically controlled 4.5 kW electric water heater, shown in Figure 4 in the top left cor-
ner, which served as the heat source for the testing. This improved the previous test bed 
used in [7]. A pump circulated hot water through the primary side of the plate heat ex-
changer, which heated the secondary side of the test loop (also a pressurized loop) 
through the wall of the heat exchanger. The hydronic coil system was constructed of 1.27 
cm (0.5 in) O.D. copper tubing. An inline centrifugal, wet-rotor-type circulator [17] 
pumped the fluids through the loop. The air handling unit employed a centrifugal fan 
drawing air through ductwork and other appurtenances, including a hydronic heating 
coil and a Venturi meter that was connected with intermediate sections of the rectangular 
duct work. The Venturi meter had been calibrated by the manufacturer [18] to give accu-
rate volume flow measurements.  

 
Figure 2. Air side of testbed photo: (1) induced blower on the left, (2) hydronic coil in the middle, 
and (3) Venturi on the right. 

 
Figure 3. Liquid-side piping system and heat exchange apparatus: (1) circulator, (2) plate heat ex-
changer, (3) motorized control valve, and (4) flow meter. 

Figure 2. Air side of testbed photo: (1) induced blower on the left, (2) hydronic coil in the middle,
and (3) Venturi on the right.

Appl. Nano 2024, 5, FOR PEER REVIEW 5 
 

 

2. Experimental Setup 
The testing was performed using a test loop with modifications to that employed by 

Strandberg and Das [7]. In the present study, the experimental setup comprised of a small 
air handler with a blower, a hydronic coil, and a Venturi tube, as shown in Figure 2. On 
the liquid loop, a circulator, a brazed plate heat exchanger, a motorized control valve, and 
a flow meter were employed, as shown in Figure 3. The test bed was connected to a ther-
mostatically controlled 4.5 kW electric water heater, shown in Figure 4 in the top left cor-
ner, which served as the heat source for the testing. This improved the previous test bed 
used in [7]. A pump circulated hot water through the primary side of the plate heat ex-
changer, which heated the secondary side of the test loop (also a pressurized loop) 
through the wall of the heat exchanger. The hydronic coil system was constructed of 1.27 
cm (0.5 in) O.D. copper tubing. An inline centrifugal, wet-rotor-type circulator [17] 
pumped the fluids through the loop. The air handling unit employed a centrifugal fan 
drawing air through ductwork and other appurtenances, including a hydronic heating 
coil and a Venturi meter that was connected with intermediate sections of the rectangular 
duct work. The Venturi meter had been calibrated by the manufacturer [18] to give accu-
rate volume flow measurements.  

 
Figure 2. Air side of testbed photo: (1) induced blower on the left, (2) hydronic coil in the middle, 
and (3) Venturi on the right. 

 
Figure 3. Liquid-side piping system and heat exchange apparatus: (1) circulator, (2) plate heat ex-
changer, (3) motorized control valve, and (4) flow meter. 

Figure 3. Liquid-side piping system and heat exchange apparatus: (1) circulator, (2) plate heat
exchanger, (3) motorized control valve, and (4) flow meter.



Appl. Nano 2024, 5 89
Appl. Nano 2024, 5, FOR PEER REVIEW 6 
 

 

 
Figure 4. Testbed components and instrumentation layout [7]. 

The commercial heating coil [19] used in the test bed is pictured in Figure 1. The 
heating coil is 30.5 cm wide by 25.4 cm high and is configured with two rows of copper 
tubes with fins in the air stream. The coil has flat aluminum fins 0.25 mm (0.010 in) thick 
mechanically attached to copper tubing with a 12.7 mm outside diameter and 0.4 mm wall 
thickness with a fin density of 3.9 fins/cm (10 fins/in). The transverse pitch of the coil tub-
ing is 2.5 cm and the longitudinal pitch is 3.5 cm.  

Foil-faced fiberglass batt insulation 5–7.5 cm in thickness covered the coil enclosure, 
while exposed tubing bends were insulated with EPDM foam wrap. The insulation was 
applied to minimize energy loss to the ambient air between all temperature sampling 
points. An inline paddlewheel flow meter measured liquid volumetric flow. Thermistors 
were installed in wells on the liquid lines immediately upstream and downstream of the 

Figure 4. Testbed components and instrumentation layout [7].

The commercial heating coil [19] used in the test bed is pictured in Figure 1. The
heating coil is 30.5 cm wide by 25.4 cm high and is configured with two rows of copper
tubes with fins in the air stream. The coil has flat aluminum fins 0.25 mm (0.010 in) thick
mechanically attached to copper tubing with a 12.7 mm outside diameter and 0.4 mm wall
thickness with a fin density of 3.9 fins/cm (10 fins/in). The transverse pitch of the coil
tubing is 2.5 cm and the longitudinal pitch is 3.5 cm.

Foil-faced fiberglass batt insulation 5–7.5 cm in thickness covered the coil enclosure,
while exposed tubing bends were insulated with EPDM foam wrap. The insulation was
applied to minimize energy loss to the ambient air between all temperature sampling
points. An inline paddlewheel flow meter measured liquid volumetric flow. Thermistors
were installed in wells on the liquid lines immediately upstream and downstream of the
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coil inlet and outlet to measure entering and leaving liquid temperatures, respectively.
A differential pressure sensor (strain-gage-type transducer) connected across the supply
and return connections measures liquid static pressure change through the coil tubing.
The air-side apparatus was configured with four thermistors arrayed on the heating coil
air inlet and outlet to measure the entering and leaving air temperatures. These devices
were manufactured by Ebtron Inc. (Loris, SC, USA) [20]. An in-duct calibrated Venturi
tube manufactured by Lambda Square, Inc. (Babylon, NY, USA) [18] measured volumetric
airflow. An electrically actuated control valve (item 3 in Figure 3) was used to maintain
the liquid supply temperature to the coil. A closed-loop control circuit incorporating
a LabView DAQ and control program, with PID (proportional/integral/derivative) control
logic, provided highly accurate set point control of the coil hot glycol inlet temperature.
The authors carried out the development of the control and data acquisition program.
A schematic of the test bed components and the instrumentation is depicted in Figure 4.

The testing apparatus is an improved version of the one used in the study by Strand-
berg and Das [7], with refinements in the design to reduce the entrained liquid volume,
reconfiguring the system to ease air purging, and increasing the entering temperature to the
test section. The testing apparatus was relocated to a more stable thermal environment in
a different laboratory. This condition assured more consistent test conditions for the air side.
The test bed used in the previous testing used a heat source that limited the supply tem-
peratures of the liquid to 325 K. Typically, air heating coils in arctic and sub-arctic regions
(e.g., Alaska) circulate liquid with supply temperatures of 350 K, which the revised test bed
heat source can generate. Previous empirical tests have shown that certain nanofluids have
thermophysical properties that vary significantly with temperature [21,22]. In particular,
empirical data indicate that the thermal conductivity of 2% Al2O3/60% EG increases by
9%, while viscosity decreases by 41% as temperature increases from 325 K to 350 K. Similar
improvements are exhibited by nanofluids with volumetric nanoparticle concentrations
of 1 to 3%. These improvements in properties have the potential to significantly improve
the heat transfer performance of the nanofluid relative to the base fluid. The present study
was designed to determine if the performance benefits predicted in previous theoretical
studies [5,8,16] can be replicated in an experimental investigation.

Nanofluid Suspension Preparation

The dispersions used in the test were prepared in a University of Alaska laboratory.
The nanoparticles used were obtained from Alfa Aesar [23]. The nanoparticles were deliv-
ered as a concentrated, hydrated dispersion called the “mother fluid.” The mother fluid
was subjected to sonication in an ultrasonic bath with a maximum input power of 185 W
for at least 8 h to homogenize the particles in dispersion. After the homogenization pro-
cess, the mother fluid was mixed with a suitable volume of ethylene glycol and 25 µS
deionized water to achieve the desired volumetric composition of the nanoparticles in
a 60:40 EG/water (w/w%) dispersion. The ethylene glycol used for the test fluid was
a commercial-grade heat transfer fluid commonly used in residential and commercial air
coils in cold climates with corrosion inhibitors, Dowtherm SR-1 (Dow Inc., Midland, MI,
USA) [24]. The components of each dispersion were weighed out using a precision mass
balance. In this manner, nanofluids of 1, 2, and 3% v/v concentration nanoparticle disper-
sions were prepared. A dispersion was transported to the testing location within 48 h for
each experiment and introduced into the system. Once the system was charged, the liquid
was continuously circulated through the test loop. Earlier TEM work by Vajjha and Das [5]
showed that this method yielded a dispersion with uniform particle distribution, minimal
particle agglomeration, and avoidance of settling during experimental proceedings.

The nanoparticle concentration of the mother fluid was 50 percent by mass. It was
procured from Alfa Aesar [23] as concentrated aqueous suspensions. The average particle
size of this test fluid was 53 nm. Knowing the density of all components from the manufac-
turer’s specifications, we calculated how much of this mother fluid should be added to the
base fluid, 60:40 EG/water, to create concentrations of 1, 2, and 3% of Al2O3 nanofluid. The
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EG and water properties and the sonication process to break up agglomeration have been
described in this section. Using a precise electronic mass balance, small volumes of mother
fluid drawn in a pipette were added to the base fluid to prepare 1, 2 and 3% nanofluids.

3. Analysis

Empirical correlations for thermophysical properties of base fluids and nanofluids
used in relevant calculations to derive final results are described in detail by Strandberg
in his doctoral dissertation [9]. Additional information on this research is described in
this dissertation.

3.1. Moist Air Properties

For moist atmospheric air, the heat absorbed as flow moves from across a finned-tube
liquid to an air heat exchanger is found using the following equation from McQuistion et al. [25]:

.
Q =

.
ma[(ha + ωhv)2 − (ha + ωhv)1] (1)

where
.

Q is the rate of heat transfer,
.

ma is the mass flow rate of air, ha and hv are enthalpy of
air and vapor, respectively, and ω is humidity ratio. The subscripts 1 and 2 represent inlet
and outlet conditions of the air flow.

The relative humidity of the entering air was variable, which affected the thermophys-
ical properties of the air and potentially impacted the energy balance calculations. Further
discussion on the impact of humidity is presented in [7]. The relative humidity (RH) of the
air during nanofluid testing ranged between 20–34%. Considering commonly available
psychrometric data for the entering air conditions experienced here and using the energy
Equation (1) for moist versus dry air, the difference in enthalpy change associated with
heating moist air versus dry air under existing test conditions ranged between 0.9–1.5%.
Therefore, dry air properties were deemed acceptable and used for this test’s calculations.

3.2. Exergy Considerations

From the experimental data, it was possible to perform a second law of thermody-
namics analysis to compare the performance of various nanofluid concentrations with
that of the base fluid. This analysis was carried out following the procedure described by
Bejan [26,27], calculating the entropy generation and exergy change during the process.
Exergy is the available energy of a flow stream and is diminished by entropy generation due
to irreversibility inherent to thermodynamic processes. As entropy generation increases in
the process, the available energy of the system is reduced. In this experiment, energy is
transferred from the hot liquid stream to the cold air stream through the fins and heating
coil tubes, with irreversibility generated in the process, resulting in reduced availability.
The contributions of viscous losses are disregarded in this case since the liquid stream
is incompressible. The air stream may be treated as incompressible since it is flowing at
low velocity and pressure. Heat loss (and associated impacts on exergy) to the environ-
ment is also disregarded since the heat exchange section is well insulated. The impact of
exergy associated with viscous dissipation and frictional heating in either stream is also
captured in the calculation presented (since any such heating effects are reflected in the
measured temperatures). It was hypothesized that the enhanced heat transfer properties
of the nanofluids may reduce the exergy consumed during the heat exchange process,
thereby improving its overall thermodynamic efficiency. Equations for computing entropy
generation and exergy are described in Bejan [26,27] and are presented below.

For a heat exchange process where no work is done, the entropy generation is calcu-
lated using the equation

.
SGEN = CH ·ln

(
TH,in

TH,out

)
+ CC·ln

(
TC,in

TC,out

)
(2)
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where
.
SGEN is the entropy generation occuring in the hot stream (nanofluid) and the cold

stream (air) during the heat exchange process in the air coil. The CH represents heat capacity
rate, which is the product of the mass flow rate and constant pressure-specific heat. The T
stands for temperature and subscripts H and C represent hot and cold fluids, respectively.

The change in exergy may be conceptualized as the quantitative difference in availabil-
ity between the liquid and air streams. Exergy is related to entropy change by the relation

Ex = TC
.
SGEN (3)

where Ex represents exergy change.
From Bejan [26], entropy generated due to viscous losses occurring from flow through

a duct may be computed using

.
SGEN,P =

.
m

∆P
ρTH,in

(4)

where
.
SGEN,P is the entropy generation due to pressure loss (∆P) of a fluid of density (ρ)

and a mass flow rate
( .
m
)
.

4. Results
4.1. Experimental Data Uncertainty Analysis

The total experimental error in the liquid and air streams’ rate of heat transfer cal-
culation is found by aggregating all known error sources in the test bed. The test bed
error was analyzed in detail previously in the paper by Strandberg and Das [7]. Since the
instrumentation remained unchanged from the previous test (Strandberg and Das [7]), the
process of error analysis remained the same (Table 3).

Table 3. Published instrumentation error from manufacturer’s data [7].

Device Error

Liquid Flow Meter (Omega SES050, Omega Engineering Inc., Norwalk, CT, USA) ±1% full scale/10 GPM full scale

Liquid thermistors (Omega TH-44004) ±0.1 ◦C/75 ◦C full scale

Differential pressure transducer (Omega PX81) on liquid side ±0.25% full scale/10 psi full scale

Air Venturi Meter (Lambda Square Model 2300, Lambda Square Inc., NY, USA) ±0.75% actual

Pressure transducer (Omega PX653-035DV) on air side ±0.05% full scale (3-inch WC full scale)

Ebtron flow station thermistors (Silver series, Ebtron Inc., SC, USA) ±0.15 ◦C of reading

The error (in percent) in the rate of heat transfer calculation is calculated using
the equation:

∆z
z

=

[
i

∑
n=1

(
∆x
x

)2

i

]1/2

(5)

where z is the dependent parameter, e.g., heat transfer rate.
In Equation (5), x1, x2, x3, and x4 are variables in the rate of heat transfer calculation,

such as specific heat, fluid volumetric flow rate, temperature difference, and density,
respectively, following the heat rate equation from Bejan [28]. The ∆x represents the error
associated with each measured parameter.

.
Q = ρ

.
Vcp∆T (6)

The total measurement error of the liquid heat transfer rate using water as the sample
on the aggregate produced an error of 1.1%. The total measurement error of the heat
transfer rate on the air side was 0.8%.
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4.2. Baseline Testing

In the earlier experimental study, Strandberg and Das [7] conducted baseline testing
to validate the instrumentation and test methodology. That original baseline testing al-
ready demonstrated that the test bed generates performance data that are aligned with
expectations. Nonetheless, additional testing was performed on the improved test bed to
demonstrate that the heat transfer performance measured by the instrumentation agreed
with what was expected as determined by the manufacturer’s data and computations
based on methods accepted in the literature. The additional testing was to validate that the
relocation and minor revisions to the piping did not adversely impact the quality of data
generated by the test rig.

Baseline apparatus testing was conducted using water on the “wet” side of the test
loop. The test runs were designed to verify that the measured thermal output of the
liquid-to-air heating coil agrees with the manufacturer’s product data. The hot water was
circulated through the tubes of the heating coil while heating air was drawn through the fins.
The test bed instrumentations measured volumetric flow rates and average temperatures
in the air and water streams, and the heat transfer rate between the water and air streams
was computed from there.

Another objective of the baseline testing was to characterize the energy balance be-
tween the air and water streams over the operating envelope of the test. The difference
between the rates of heat transfer measured in the two streams was an essential measure
of experimental error in the testing apparatus. Quantifying and minimizing the energy
imbalance is crucial as it indicates that the energy loss rate to the environment has been
controlled and provides the primary check on the performance of the air Venturi meter. By
validating the performance of the air Venturi meter, the analysis of nanofluid heat transfer
performance will become more straightforward since the thermophysical properties of air
are well understood over the range of test conditions, and air properties are also constant
over time (at constant temperature and pressure). In contrast to air, the thermophysical
properties of nanofluids may change over time due to degradation caused by suspension
instability, particle agglomeration, and subsequent settling.

Vajjha and Das’s earlier work [22] involved property measurements. During those
experiments, we used the nanofluids immediately after receiving them from Alfa Aesar [23].
They were fresh, uniformly dispersed. The sample sizes for viscosity, thermal conductivity,
specific heat, and density were small. There was no circulation of nanofluids as these were
static tests on small sample volumes confined to a contained space. The experiments were
of short duration. So, we measured the optimum property values under ideal conditions.

However, in the present experiments, the nanofluids circulated in a coil for very long
durations to obtain data over a range of Reynolds, Prandtl, and Nusselt numbers varying
flow rate, temperature, pressure to measure, convective heat transfer, heat transfer rate,
pressure loss, and pumping power. Maintaining nanofluid purity was a more significant
challenge because we started with an older nanofluid that had lost its uniform dispersion
ability. This was unknown to us initially, but the unexpectedly poor performance result
taught us a lesson.

The first baseline test was performed in which the volumetric flow rate of the water
was varied, while the inlet liquid and air temperatures, as well as the air volumetric flow
rate, were all held constant at practical values of 340 K, 289 K, and 0.23 m3/s, respectively.
The result of this testing is illustrated in Figure 5, with the calculated heat transfer rate for
the air and liquid streams. In this test, 708 individual measurements were recorded for
both fluid streams. Each data point is the average of several measurements. The average
difference between the calculated air- and liquid-side heat transfer rates is 10.0%. The
first experiment near Re = 2000 is an outlier in the heat rate difference. Disregarding this
first point, the average difference is reduced to about 8%. For additional validation of
the empirical measurements, the coil was modeled using identical entering conditions
and configuration using the approach described by Strandberg and Das [7]. The heat
transfer rate of the modeled coil over the same range of liquid flows was within 3% of
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the empirically obtained air rate of heat transfer over the tested range. The average of the
liquid and air rates of heat transfer were used for performance comparisons. The test bed
was allowed to reach a steady state for each run before data collection.
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Figure 5. Heat transfer rate versus liquid Reynolds number at a constant inlet temperature.

In the second baseline test, the inlet water temperature was varied, and the volumetric
flow rate of the water and air was kept constant. The volumetric flow rate of liquid was
held constant at 0.063 L/s while the airflow was constant at 0.222 m3/s. The result of this
test is illustrated in Figure 6. The difference between the air-side and liquid-side calculated
heat transfer rate ranges from 0.23% to 9.4%, with a mean of 3.4%. Here, the fourth data
point near 342 K is an outlier. Disregarding this outlier, the average difference between
energy balances comes to about 3%, an acceptable value for validating the test bed. For
this test, the total number of data points is 902 (with between 64 and 192 observations at
each temperature).

The following baseline test was to measure the viscous losses through the hydronic
coil over a range of flows. These data are illustrated in Figure 7. The pressure loss measured
through the coil apparatus showed remarkable agreement with the coil manufacturer’s
published data [19] over the practical flow range. This validates the accuracy of the
experimental setup for measuring the pressure loss for subsequent runs with nanofluids of
different concentrations.

Using the data collected in baseline testing, the “inside” heat transfer coefficient (hi)
was computed as an additional check to verify that measured values aligned with those
predicted by well-established correlations in the literature for single-phase liquids. In
Figure 8, the graph depicts the experimentally determined “inside” heat transfer coefficient
compared to values computed using the Petukhov correlation [29] as a function of the
Reynolds number. This test was performed with constant air-side velocity and a tempera-
ture and pressure range of relatively constant thermophysical properties for air. Therefore,
it is a reasonable assumption that the outside heat transfer coefficient over the fins and
copper tube will remain relatively constant over the full range of inside liquid volumetric
flows. Airflow was constant at 0.230 m3/s (487 CFM); air and liquid inlet temperatures
were also held constant. Liquid flows were varied through the coil from 0.019 to 0.10 L/s
(0.3 to 1.5 GPM).
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Heat transfer rates for liquid and air were computed using well-established heat ex-
changer design equations from McQuistion et al. [25], Bejan [28], and Shah and Sekulic [30]
using measured volumetric flow rates and temperatures.

The principal equation is

1
UA

=
LMTD

.
Q

=
1

hi Ai
+

1
ηho Ao

(7)

where U is the overall heat transfer coefficient, A is the outside surface area of heat transfer
coil, LMTD is the log mean temperature difference, η is the fin efficiency, and subscripts i
and o represent inside and outside, respectively.
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The LMTD was calculated from measured inlet and outlet temperatures of fluid
streams. The product UA was also calculated based on

.
Q from energy balance. The inside

and outside heat transfer coefficients were determined by finding the values of the inside
coefficient using the Petukhov correlation and then calculating the outside heat transfer
coefficient by rearranging Equation (7). Based on the physical conditions of the test, in
which the airflow velocity remains constant, it is acceptable that the property values of air
over the range of test runs would remain nearly identical. Using the Petukhov correlation
for hi, rearranging Equation (7), and averaging numerous measurements, the mean value
found for ηhoAo was 193 W/K. At the lowest flows observed, the liquid Reynolds numbers
drop (<2300) into the range usually considered “transitional” with respect to the presence
of turbulence in the liquid stream. However, the Petukhov correlation was designed for
fully turbulent flows (Re ≥ 10,000) and fits the experimentally obtained values in Figure 8
with R2 = 0.89. The Petukhov correlation predicts hi values lower than the empirically
determined values from Nusselt numbers using the Gnielinski equation from Bejan [28]
over the tested range. The average deviation between hi from Petukhov and experimental
values via Gnielinski over the tested range is 12.2%. This is acceptable considering that well-
known Nusselt number correlations can present uncertainty as high as 25%. Gnielinski’s
equation works well in a transition regime, so the agreement in Figure 8 below, Re = 3500,
between the experiment and theory is encouraging.

An important point: the tubing bends create secondary flows even at the laminar
regime, promoting mixing and enhancing heat transfer at the Reynolds number in the
transition regime, making the entire flow turbulent. At a low laminar Reynolds number,
this phenomenon causes the experimental data to match the Petukhov and Gnielinski
correlation in Figure 8, which is applicable to turbulent flows.

The value for ηhoAo = 193 W/K by averaging process from numerous test runs was
only 3.9% lower than what is found using the procedure given in McQuiston et al. [25],
showing good agreement between measured data and previously established correlations.
Since the outer thermal resistance will remain essentially unaffected by the properties of the
liquid flowing inside the tube, this value is used to evaluate the heat transfer performance
of the nanofluids in the performance tests that followed.
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4.3. Nanofluid Performance Testing

Nanofluid samples were prepared for multiple test runs with different concentrations
of nanoparticles. The authors formulated 60% EG/Al2O3 nanofluids of particle volumetric
concentrations of 1%, 2%, and 3% and the base fluid (60% EG). These dispersions were
separately fed into the testbed and subjected to a series of performance tests. These tests
are designed to characterize the differences in heat transfer performance between the
Al2O3/60% EG nanofluid and 60% EG measured during testing. For this series of tests,
the liquid and air inlet temperatures were held constant and liquid volumetric flow rates
were varied.

In order to minimize the contamination of the fluids, between each series of tests, the
loop was drained, refilled with water, and cleaned out until the rinse water came out clear.
The tubing was partially disassembled and allowed to drain. Finally, all sections were
blown out with high-pressure compressed air to clean out residual fluids. Upon completion,
the system was refilled with fresh test fluid.

In Figure 9, the inside heat transfer coefficients for the base fluid (60% EG) are com-
pared to those for the Al2O3/60% EG nanofluids for liquid volumetric flows ranging from
approximately 0.025 to 0.2 L/s (0.4 to 3.2 GPM). The inside heat transfer coefficient was
found by first computing the measured rate of heat transfer and LMTD based on the
measured data and then determining the value for UA.
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As explained in Section 4.2, the outside thermal resistance (ηhoAo) is accepted to have
a value of 193 W/K, as determined in the baseline test. The inside heat transfer coefficient
was then calculated considering the inside surface area of the heat transfer section.

Previous experimental work by Strandberg and Das [7] comparing the heat transfer
performance of 60% EG to 1% 60% EG/Al2O3 did not show a significant improvement
in the heat transfer performance of the nanofluid relative to the base fluid. This was
attributed to the relatively low temperature of the liquid tested, which was limited by the
heat source connected to the test equipment. The data in Figure 9 depicting the empirically
determined inside heat transfer coefficients for the tested dispersions show that as the
nanofluid concentration increases, the inside heat transfer coefficients decrease under equal
volumetric flow rate conditions.
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In the current experiment, the heat transfer coefficient decreases by 5.7%, 23.0%,
and 44.3% for 1%, 2%, and 3% Al2O3/60% EG nanofluids, respectively, compared to the
60% EG base fluid, at a constant flow of 0.15 L/s (2.4 GPM). Due to nanofluids’ relatively
higher viscosity, the Reynolds number at a given volumetric flow is generally lower than
for the base fluid. According to well-established equations, the Nusselt number and the
convective heat transfer coefficient are proportional to the Reynolds number for internal
flows. Therefore, it is to be expected that the heat transfer coefficients for nanofluids are
lower than for the base fluid when compared on a constant volumetric flow basis. Note in
the legend of Figure 9 that two data sets for 60% EG were taken on different days.

Early in the test cycle, after the nanofluids’ relatively low thermal performance was
observed, the authors attempted to verify that the thermophysical properties of the disper-
sion were as expected based on the previously cited correlations. To this end, representative
dispersions samples were tested in a Brookfield viscometer at room temperature. These
tests produced conflicting results in which the measured viscosities of the nanofluids did
not correlate well with predicted values. Generally, the nanofluids’ measured viscosities
were higher than the correlation of Vajjha and Das [21] predicted. This makes comparisons
between fluids based on the Reynolds number challenging to hold in high confidence since
the value is computed using a value for viscosity that cannot easily be directly determined
at the time of the experiment. As a result, comparisons are reported based on volumetric
flow instead of on Reynolds number.

Figure 10 presents graphically the Nusselt numbers for the base fluid and the nanoflu-
ids over the range of flows tested. As with the heat transfer coefficient and heat rate data,
these data similarly contradict the results predicted by the earlier analytical model. At
a volumetric flow rate of 0.125 L/s, the predicted value for the Nusselt number of the
60% EG was 61.3. Based on the testing, the 60% EG circulating at 0.125 L/s exhibited
a Nusselt number of 70. The nanofluids, in contrast, exhibited Nu of 51.3, 42.5, and 32.0 at
identical entering conditions and with nanoparticle concentrations of 1, 2, and 3%, respec-
tively. These represent decreases of 26.6%, 39.2%, and 54.2% relative to the base fluid. In the
analytical model, the Nusselt number for Al2O3/60% EG nanofluids consistently exceeds
the base fluid for concentrations between 1 and 3%, considering the entering conditions
used in this test.
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The data in Figure 11 graphically illustrate the relationship between the liquid volu-
metric flow rate and the air coil heat rate. These data show that the nanofluids (1% Al2O3),
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at best, generate performance roughly equal to that of the base fluid at an equal flow rate
and identical entering conditions. Generally, all the nanofluids tested produced lower
heat transfer rates at equal liquid volumetric flow rates than the base fluid over the full
range of flows tested. Previously developed analytical models predict that Al2O3/60%
EG nanofluids with concentrations of 1% to 3% should generate heat rates 3–13% higher
over a range of flows, considering the entering conditions tested here. Furthermore, the
analytical model predicted that as the nanoparticle concentration in the heat transfer fluid
increased, the heat transfer rate through the coil would increase at a given volumetric flow.
Qualitatively, in this series of tests, as the nanoparticle concentration was increased, the
heat rate of the coil decreased. At a volumetric flow of 0.125 L/s, the heat transfer rate
was equal for the 60% EG and the 1% Al2O3/60% EG nanofluid. In contrast, the thermal
outputs measured for the coils with 2% and 3% Al2O3/60% EG nanofluids were 5.7% and
14.6% lower than that for the 60% EG, respectively.
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Figure 12 illustrates the relationship between the hydraulic pumping power
( .

W =
.

V∆P
)

and the associated rate of air heat transfer while liquid volumetric flow rates were varied
for all heat transfer fluids tested. The data show that for a given heat rate, the hydraulic
power required to circulate the 1% Al2O3/60% EG nanofluid is 100% higher than that
required for the 60% EG. For the 2% and 3% Al2O3/60% EG nanofluids, the hydraulic
pumping power required was 129% and 371% higher than the 60% EG, respectively. The
extremely high pumping is due to an extreme rise in viscosity caused by a high degree of
agglomeration of particles.

The pressure loss measured through the coil tubing for the nanofluids and the 60% EG
base fluid over a range of liquid volumetric flow rates is depicted in Figure 13. As expected,
the measured pressure losses for all of the nanofluids were significantly higher than those
measured for the 60% EG at equal flows due to the higher viscosity of the nanofluids under
these conditions. At a volumetric flow of 0.125 L/s, when circulating 1% Al2O3/60% EG,
the observed pressure drop across the coil exceeds that of the 60% EG by 49%. The pressure
drops measured while circulating the 2% and 3% Al2O3/60% EG exceeded that of the 60%
EG by 48% and 64%, respectively.
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These performance data were used to calculate, via the equation presented in Section 3.2,
the exergy consumed to generate a specific heat transfer rate, which offers a measure of
the overall thermodynamic efficiency of the process and another means to compare the
performance of nanofluids to the base fluid.

Figure 14 illustrates the relationship between the total exergy change for the liquid-
to-air heat exchange process over a range of volumetric flow rates. The figure shows that,
based on the measured performance, the total exergy utilization is higher for the 60% EG
than for the nanofluids at equal flow. The experimental data qualitatively show the exergy
consumed is generally higher for the 60% EG than the nanofluids. Still, since the heat rate
associated with the flow rates deviates significantly at equal flow, with the base fluid heat
rates generally higher, this comparison is of secondary importance to the comparison on
a constant heat rate basis.
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Figure 14. Total exergy change versus coil volumetric flow.

Figure 15 portrays the exergy change for the base fluid and the nanofluids as a function
of the measured heat transfer rate. For example, the data reveal that the exergy change
at a heat transfer rate of 4 kW (the rating of the tested air coil) is higher for the 60% EG
than for the nanofluids. Once again, this comparison is based on the best-fit trendlines
superimposed over the data sets. This indicates a higher exergy change required to achieve
a given heat transfer rate for the 60% EG than for the nanofluid.
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4.4. Challenge of Unstable Dispersion and Agglomeration

Based on previous theoretical analyses, the nanofluids tested here did not perform
as expected. The thermal output of the heating coil circulating nanofluids was depressed
relative to that of the coil circulating the base fluid, and the depression in output increased
as the volumetric concentration increased. In contrast, based on system analysis, the peak
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heat output of the heating coil with 2% Al2O3/60% EG nanofluid was expected to exceed
the output of the 60% EG by 7.3%, considering equal entering conditions at 0.125 L/s flow.

As stated earlier, multiple studies have tested nanofluids in heat exchange applica-
tions and have demonstrated superior performance to the associated base fluid. Based on
a previous analysis, the authors’ hypothesis similarly predicted that the nanofluids would
exhibit superior performance to the base fluid in the test apparatus. However, the experi-
mental data do not support the hypothesis in this case. The result was unexpected because
the nanofluids were produced using the same methods as in our past studies, resulting in
nanofluids with thermal conductivities superior to those of their respective base fluids.

Potential explanations for the shortfall in performance are malfunctioning test instru-
mentation, damage or degradation of the heating coil, or poor fluid properties. A number
of verifications can rule out the failure of equipment or instrumentation. These include
physical checks of the equipment and, in the case of the thermistors, comparing the air
thermistors’ readouts against the liquid thermistors under static conditions. Unfortunately,
the authors had no readily available means of verifying the calibration of the air Venturi
metering device (although the manufacturer validated the calibration device). The liquid
flow meter was inspected on multiple occasions and was mechanically in good working
order. Based on these field checks, the authors have determined that it is highly unlikely
that the deviation from expected performance by the nanofluid is due to malfunctioning
instrumentation or equipment.

Fouling of the heat transfer surfaces within the heating coil tube bank may also
have occurred. However, no evidence of severe fouling was visible when the system was
partially disassembled and visually inspected. Determining if the nanofluid properties were
similar to those produced for earlier testing using similar methods is challenging; however,
during the testing of the 3% Al2O3/60% EG nanofluid, two test runs were performed
approximately 24 h apart. In the second test, the thermal performance of the nanofluid
was significantly worse than that observed on the previous day. Specifically, the heat rate
measured at a given flow rate was measurably lower on the second day versus the first.
The observable degradation in the performance of the liquid indicates a degradation in the
thermal properties of the liquid over time. None of the nanofluids prepared for the tests
visibly changed in appearance, which could have been indicative that nanoparticles had
settled out of suspension.

Earlier studies [2,3] have noted that pH can significantly impact nanoparticle suspen-
sion stability and have theorized that pH outside of an optimal range can alter nanoparticles’
zeta potential, leading to accelerated particle agglomeration. The nanoparticle dispersions
used in this study were a few years old by the time they were used. Though the dispersions
were stabilized with surfactants at the factory, these may have broken down, leading to
degradation over time. Previous studies have reported that nanofluids containing larger
agglomerated nanoparticles perform worse than finer nanoparticles. Settling of nanoparti-
cles had been observed while the mother fluids were stored in the laboratory. It is difficult
to ascertain after the fact if the nanoparticles’ surfactants and dispersants had broken down
over time, causing agglomeration, thereby leading to the degradation of the thermophys-
ical properties of the liquids. While experimenting on the freeze–thaw characteristics of
nanofluids for their application in cold regions like Alaska, Sahoo et al. [31] measured
that nanoparticles’ average particle size grew by 51.2% in one case, due to agglomeration.
Therefore, similar agglomerations might have occurred in the present sets of experiments
on air coils with three concentrations, and the 3% concentration might have agglomerated
the most. It should be noted that these experiments show a measurable degradation in the
thermal performance of the nanofluids in this application as nanoparticle concentration
increases. Furthermore, the 3% Al2O3/60% EG nanofluid exhibited a measurable decline
in performance when tested successively within 24 h.

For these experiments with three nanofluids, other sources of thermal property degra-
dation were identified, including contamination of the test loop liquid and degradation
of dispersion properties over time. Contamination of the liquid can be caused by liquid
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trapped in the loop, which was mitigated by blowing out the loop with air to force any
residue out. The authors attempted to verify the retention of purity of the nanofluids using
a viscometer. This effort met with mixed results, as the viscosity readings did not agree
closely with previous correlations derived from stable nanofluids.

Based on previous analysis, the test conditions employed for this study were quite
favorable for the nanofluids. The viscosity penalty of the nanofluids relative to the base
fluid at the higher entering temperatures was expected to be minimal. Additionally, at
higher temperatures, the nanofluids’ higher thermal conductivity was expected to generate
superior thermal performance in this test, with the largest advantage in heat rate for
a given liquid flow rate and inlet temperatures expected for the 3% Al2O3/60% EG
nanofluid. The fact that the nanofluid diminished the thermal performance of the heating
coil and the degradation increased with the nanoparticle concentration is a significant
finding. Therefore, this fluid type must be carefully considered to maintain ideal chemistry
that ensures the suspension’s long-term stability and nanofluids’ enhanced performance.

A recent comprehensive computational investigation by Strandberg et al. [32] proved
that Al2O3, SiO2, and CuO nanofluids of 1, 2, and 3% concentration could generate increas-
ingly higher heat transfer coefficients than the base fluid under similar flow conditions.
These computations were based on superior thermophysical properties prevailing through-
out the life of the nanofluids. In nanofluids technology, that situation has not yet been
attained. Therefore, there is a need for research to improve surfactants and dispersants
for nanofluid stabilizing agents, which could preserve the superior thermal properties of
nanofluids during their usage for years.

Despite the weakness of nanofluids found in our tests on heating coils in this research,
it is encouraging that innovative studies continue internationally in this field. For example,
Yu et al. [33] demonstrated via molecular dynamics modeling simulations that hybrid
nanofluids, e.g., Ag-Cu and Au-Cu, can yield higher thermal conductivity and better ther-
mal performance than mono nanofluids like the Al2O3 used in our experiments, which have
been investigated commonly. García-Rincón and Flores-Prieto [34] examined the stability of
nanofluids in flat-plate solar collectors and how to improve it. This will help harness green
energy through a more efficient heat transfer fluid, which is already an important area of
research nowadays. Gao and Li [35] performed an experimental investigation on the effect
of surfactants on the stability of nanoemulsions. Their methodology could be used to over-
come the stability problem we faced with the Al2O3 nanofluid in our experiments. Through
experimental and numerical investigations, Zakeri et al. [36] presented encouraging results
on recently adopted graphene oxide nanofluids. They found it can achieve up to 85%
improvement in heat transfer coefficient compared to the base fluid. This is an impressive
gain and certainly merits further research. Through CFD (computational fluid dynamics)
analyses in a conical coil heat exchanger, using three hybrid nanoparticles (MgO-TiO2,
MOS2-CuO, Ag-HEG) in water as a base fluid, Azaizi et al. [37] summarized a comparison
of the thermal performance of these nanofluids of various nanoparticle concentrations. All
these recent studies would help in overcoming the drawbacks of nanofluids.

Nanofluids become unstable when the particle mass becomes large enough that the
gravitational pull exceeds the buoyancy force and drag force, making the particle’s settling
velocity higher than the upward component of the Brownian motion. The nanofluid is un-
stably dispersed in this condition, becoming microfluid, and loses all heat transfer benefits.
The cause of particles growing larger is mutual attraction, which can be minimized via
surface coating and adding liquids to the base fluid that prevent particles from attaching.
When maintained within a desired range, the zeta potential, the electrical charge character-
istic of these nanoparticles, ensures stable colloidal or nanoparticle dispersion. Another
important characteristic of the nanofluid found in the research is that the pH value of
a nanofluid is important in maintaining the stable dispersion of nanoparticles. For different
nanofluids (e.g., Al2O3, CuO, SiO2, TiO2, etc.), optimum pH and zeta potential ranges can
be determined in which the nanofluids behave the most efficiently in heat transfer. The
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nanofluids in heat exchangers should always be maintained to operate in those ranges of
pH and zeta potential to obtain the gain promised by nanofluids.

5. Conclusions

A hydronic air heating coil was tested experimentally to characterize its performance
with Al2O3/60% EG nanofluid in concentrations ranging from 1% to 3% and to compare the
heat transfer performance of the coil to that with 60% EG. The empirically computed Nusselt
number corresponded with the Petukhov correlation with R2 = 0.89. Overall, the baseline
testing demonstrated that the test bed exhibited performance characteristics consistent
with the predictions of previously established analytical relationships for single-phase heat
transfer liquids such as water and ethylene glycol.

The nanofluids generally did not perform as well as expected in the experiments. The
performance of the 1% nanofluid was approximately equal to that of the base fluid, consid-
ering identical entering conditions. However, the 2% and 3% nanofluids’ performance was
considerably worse than the base fluid’s. The higher-concentration nanofluids exhibited
lower heat rate, lower heat transfer coefficient, and higher pressure drop across the coil
than the base fluid. Several factors are surmised for the fluids’ poor performance, including
rapid agglomeration of the particles in the nanofluids leading to property degradation,
contamination of the fluids by residue from other tested fluids, and potential fouling of
the coil inner surface with nanoparticle residue, creating a barrier to heat transfer. The
testing results highlight the importance of tightly controlled fluid production and the need
to optimize nanoparticle concentration, as in this experiment, the thermal properties of
the higher-concentration nanofluid appeared to deteriorate at a higher rate than nanoflu-
ids of lower concentration. The nanofluid-filled coil generated lower inside heat transfer
coefficients than the 60% EG-filled coil over the range of test conditions. The difference
was up to 44.3% lower for the nanofluid than for the base fluid at 0.15 L/s flow. The heat
rates produced by the 1% Al2O3/60% EG were equal to those of the 60% EG base fluid over
the full range of volumetric flow tested, while the heat rates produced by the 2% and 3%
Al2O3/60% EG nanofluids were up to 14.6% lower than for the base fluid. Pressure loss
measured across the heating coil was significantly higher for all nanofluids tested than for
the 60% EG. The pressure drop was 49% higher for the 1% Al2O3/60% EG than for the 60%
EG. When the pumping power for a given heat rate was compared, it was observed that
the 1% Al2O3/60% EG nanofluid required 100% higher pumping power than the 60% EG.

The principal limitation of this study was the use of a nanofluid which was old. It
was purchased over a year ago. Although it was sonicated before use, it had possibly
lost the strength of the surfactant and the dispersant. As a result, the repulsive forces
between the nanoparticles were weak, which caused particle agglomeration, and the
characteristic of stable dispersion was lost. This increased viscosity and decreased thermal
conductivity made the nanofluids perform poorly in heat transfer and pumping power as
the concentration increased.

Suggested improvements to this work would be to repeat these experiments with
new, fresh nanofluids which possess more stable surfactants and dispersants; to perform
experiments on 1% concentration because that dilute concentration showed us the most
promise in our experiments; to minimize the bends, valves, traps, and crevices in the
nanofluid loop because those are the spots where nanoparticles tend to separate and collect
in crevices, diminishing the homogeneity of well-dispersed nanofluids; and to measure the
nanofluids’ viscosity and thermal conductivity before and after the experiments to ensure
the properties were preserved.

Future directions advisable to researchers from this study are to focus on developing
the best quality surfactants and dispersants that could keep the nanofluids stably dispersed
for a reasonably long period. The nanofluids available nowadays generally have an average
particle size (APS) range of about 40 to 50 nm. Future work should concentrate on particle
size of 10 nm or less. This will be much better for heat transfer, and even unavoidable low-
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scale agglomeration may keep the aggregated size below 100 nm, which is the threshold
of nanoparticles.

Based on the data of this experiment, the exergy consumed to achieve a given heat
rate is qualitatively lower for the nanofluids than for the base fluid 60% EG. Therefore,
the nanofluids offer slightly better thermodynamic performance compared to the 60% EG
from the viewpoint of the second law of thermodynamics. The results of this experiment
show that ensuring that nanofluids are produced under tightly controlled conditions that
guarantee long-term stability is critical. Failure to do so can lead to significantly worse
performance than their respective base fluids.
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Nomenclature

A Total heat transfer area (m2)
cp Specific heat (J/kg·K)
C Heat Capacity Rate (W/K)
CFM Cubic feet per minute
D Diameter of tubing (m)
Ex Exergy Change (J/s)
GPM Gallons per minute
h Convective heat transfer coefficient (W/m2·K)
ha Enthalpy, air (J/kg)
hv Enthalpy, vapor (J/kg)
k Thermal conductivity (W/m·K)
L Length (m)
LMTD Log mean temperature difference (K)
n Number of observations
.

m Mass flow rate (kg/s)
Nu Nusselt number (hDi/k)
∆P Pressure drop (Pa)
.

Q Rate of heat transfer (W)
Re Reynolds number (ρVDi/µ)
.
SGEN Entropy generation rate (W/K)
T Temperature (K)
U Overall heat transfer coefficient (W/m2·K)
.

V Volumetric flow rate (m3/s)
.

W Liquid pumping power (W)
Greek Symbols
µ Dynamic viscosity (Pa·s)
η Fin efficiency
ϕ Nanoparticle volumetric concentration
ρ Density (kg/m3)
ω Humidity ratio
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Subscripts
a Air
C cold
H hot
i Inside
in Inlet
bf Base fluid
nf Nanofluid
o Outside
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