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Unlocking optimum heat transfer is essential for enhancing solar thermal collector efficiency and advancing
sustainable energy solutions. This experimental study investigates a simulated solar thermal collector’s heat
transfer behavior using jet impingement cooling, emphasizing hydrodynamic effects in pulsating nanofluid-jet
impingement. Al;O3-MWCNT/water hybrid nanofluid is utilized, varying pulsating frequency (0.2 Hz < F <
20 Hz), amplitude (4 Vp < A < 20 Vp), waveform (sine, squared, triangular), wave offset (0 < @ < 4), and
nanofluid volume fraction (0.05 vol% < ¢ < 0.3 vol%) to optimize heat transfer. Results show a significant
influence on heat transfer performance for all parameters except waveform. A peak heat transfer enhancement of
24 % is observed for 0.3 vol% Al,O3-MWCNT/water compared to de-ionized water under continuous jet
impingement. Additionally, a 20 % enhancement is achieved with a sine waveform at ¢ = 0.3 vol%, F = 0.2, A =
8, and @ = 2. Pulsating jet impingement generally yields higher cooling rates, as the cooling curves indicate.
These findings provide crucial insights for optimizing heat transfer in solar thermal collectors through pulsating

hybrid nanofluid jet impingement cooling.

1. Introduction

Solar energy has been proven to be the cleanest, largest, and most
inexhaustible source of thermal energy available to man to date. How-
ever, the challenge of harvesting this energy remains the limiting factor
to its maximum utilization. However, due to its enormous heat and mass
transfer rate from hot spots, Jet impingement cooling has gained sig-
nificant attention from researchers and industries. Since the 1990s,
several experimental, numerical and analytical studies have been car-
ried out on jet impingement using air or liquids for cooling or heating
flat [1], curved [2], smooth, rough [3], ribbed [4], micro-channeled [5],
fixed or moving target bodies [6]. Many of these studies have been
targeted at solving industrial problems in electronics and microchips
[71, aircraft turbine blades [8], I.C. engines [9], metallurgy [10], solar
thermal systems [11,12] etc. Impingement cooling could either be in the
continuous or non-continuous (swirling, reciprocating, or pulsating) jet.

Most studies have proved that non-continuous jets have better heat
transfer efficiency than continuous jets [13,14]. However, some other
studies have shown that pulsating jet had an insignificant impact on heat
transfer efficiency for the pulsating parameter range they considered

[15,16]. Zhang et al. [17], while investigating the impact of pulsating jet
on the heat transfer performance. They reported an improvement of 30
% and 50 % for low and high pulsating jet frequency, respectively, using
air and a diaphragm solenoid considering flow Reynolds number (2800
< Re < 10000) and pulsating jet frequency (0.1 Hz < F < 2 Hz). They
also added that the pulsating amplitude or intensity is proportional to
the heat transfer enhancement at the wall region.

In another study by Travnicek et al. [14], a heat transfer improve-
ment of 18 % was observed for the hybrid pulsating/synthetic jet, which
uses a fluid diode compared to a conventional synthetic jet. Mladin &
Zumbrunen [13] also reported enhanced heat transfer for pulsating jets
generated with a variable speed motor and ball valve system. In most
studies on pulsating jet cooling, improved heat transfer has been
attributed to the continuous renewal of the hydrodynamics and thermal
boundary conditions. However, Wassenberg et al. [18] explained that
contra-wise, enhanced splattering, which could result from a high
jet-to-target gap, leads to lower heat transfer enhancement at a higher
Reynolds number.

The advent of nanofluids has also advanced jet impingement appli-
cations, as studies are now carried out to investigate the impact of these
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Fig. 1. Stability check for the synthesised hybrid nanofluids.

high conductivity fluids on thermal dissipation. Several works have been
done on using single and hybrid nanofluids for jet impingement cooling
applications as heat transfer fluid. This observation is substantiated
through Sarkar et al.’s research [19], which involved an investigation
into the impingement cooling performance of Cu-AL LDH nanofluid on a
hot steel surface. The results revealed an impressively high cooling rate
of approximately 150 °C per second. Similar enhancements in heat
transfer were documented in the study by Wen et al. [20], where a
notable peak thermal augmentation of 13.2 % was achieved.

In recent times, numerous numerical studies have explored pulsating
nanofluid jet impingement cooling, consistently revealing its superior
heat transfer performance over continuous jet cooling under various
pulsation conditions. Maatoug et al. [11], conducted a numerical
investigation, considering single and hybrid water-based nanofluids,
and assessed the impact of pulsating amplitude, frequency, nanofluid
volume fraction, and the number of impinging slots. Their findings
showed that the highest amplitude at low frequency led to the most
effective pulsating jet cooling with a remarkable 63.5 % enhancement.
Pulsating frequency exhibited negligible influence on heat transfer
performance compared to amplitude, with improved heat transfer of
22.9 %, 22.8 %, and 3.5 % for hybrid, cylindrical, and spherical nano-
fluids, respectively, at the highest volume fraction considered. This
result is in good agreement with the findings of Selimefendigil & Oztop
[21]. In their studies on synthetic and continuous single and multiple
nanofluid jet impingement cooling of microchannel heat sinks, similar
results were observed by Lau et al. [22] and Mohammadpour et al. [23].
Although the latter highlighted the importance of higher frequency for
enhanced heat transfer, it aligns with the outcomes of Maatoug et al.
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However, to the best knowledge of this author, minor or no experi-
mental studies are available on pulsating hybrid nanofluid jet cooling
using y-Al;03-MWCNT/water as heat transfer fluid for solar thermal
collection. Hence, this novel experimental study is needed on pulsating
nanofluid-jet impingement cooling.

This study investigates the hydrodynamic effect of pulsating fre-
quency (0.2 Hz < F < 20 Hz), amplitude (4 < A < 20), waveform (sine,
squared and triangular), wave offset (0 < @ < 4) and nanofluid volume
fraction (0.05 vol% < ¢ < 0.3 vol%) on the heat transfer efficiency of
(y-Al03-MWCNT/water) hybrid nanofluids jet impingement cooling.

2. Experimental method
2.1. Nanofluids materials and preparation

The nanofluids (y-A1203-MWCNT and water) were prepared through
a two-step technique. In this process, the nanoparticles were dissolved in
De-ionized water, resulting in the desired volume fractions (0 vol% < ¢
< 0.3 vol%). The y-Alumina oxide (AlpOs3) nanoparticles and Multi-
Walled Carbon Nanotubes (MWCNT) were mixed in a 60:40 ratio. To
prevent agglomeration, 0.5 vol% of Sodium Dodecyl Benzene Sulfonate
(SDBS). The mixture was stirred for 30 min using a magnetic stirrer at a
fixed speed. Subsequently, ultrasonication was performed for 1 h using a
Qsonica (Q-700) sonicator at a sonication amplitude control of 90 %,
within a constant temperature bath set to 20 °C. The nanofluid’s phys-
ical observation and stability monitoring were carried out for 24 h using
a UV-spectrophotometer, confirming its stability. Fig. 1 (a) & (b) shows
the relationship between the nanofluid volume fraction, wavelength and
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Fig. 2. FEG-SEM images of (a) MWCNT (Mag = 50 KX), (b) MWCNT (Mag = 100 KX) (c) Al203 (Mag = 100 KX) (c) Al203- MWCNT (Mag = 50 KX).

absorbance. The plot shows that absorbance was directly proportional to
the volume fraction of the nanofluid, which is in good agreement with
the Beer-Lambert law. Fig. 1 (c) shows the visual observation of the
different volume fractions of the nanofluid after about three months.

2.2. Morphology of the nanoparticle

The examination of the morphology of y-A1203 and MWCNT nano-
particles, as well as their hybrid, is depicted in Fig. 2. This compre-
hensive study was meticulously conducted using a Zeiss Crossbeam 540
scan field emission gun electron microscope (FEG-SEM), accessible at
the Microscopy Department of the University of Pretoria. To ensure
precise and detailed observations, the nanoparticle samples were thor-
oughly prepared before their visualization in the FEG-SEM. The
morphology assessment of the y-Al203 nanoparticles revealed a spher-
ical shape with cloud-like agglomerates of particles, while the MWCNT
exhibited a tubular configuration. These observed morphologies align
with those reported in prior literature studies on nanoparticles,
corroborating their accurate nomenclature.

2.3. Thermophysical properties measurement

2.3.1. Thermal conductivity

The thermal conductivity of the hybrid nanofluids was measured and
compared to DI-water for a temperature range of 10 °C and 30 °C. The
nanofluids’ thermal conductivity (TC) was measured using a KD2-Pro
thermal analysing meter by Decagon Devices, USA, with +10 % accu-
racy. The TC meter was calibrated before measurement using the
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Fig. 3. Thermal conductivity of the nanofluids over a temperature range.

standard thermal conductivity fluid (Glycerine). The TC readings con-
cerning temperature change are presented in Fig. 3 for the various
nanofluid volume fractions. De-ionized water is considered as 0 vol%.
The TC result shows that thermal conductivity increases with tempera-
ture and volume fraction of the y-Al203-MWCNT/water nanofluid,
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Fig. 4. Viscosity of the nanofluids over a temperature range.

which corresponds with recent work by Krishnan et al. [24] using the
same hybrid nanofluid. The hybrid nanofluids had augmented thermal
conductivity compared to De-ionized water; however, the viscosity
increased slightly.

2.3.2. Viscosity

The viscosity measurement of the nanofluids was conducted using
the SV-10A Vibro-Viscometer, which was connected to a constant tem-
perature bath. This measurement was carried out across a temperature
range spanning from 20 °C to 50 °C. The instrument was calibrated
through a one-point standard calibration procedure using pure water.
Subsequently, the viscosity readings were collected for various volume
fractions of the nanofluids and compared against those of De-ionized
water. As depicted in Fig. 4, the results reveal a consistent decline in
fluid viscosity as the temperature increases. And increase with the vol-
ume fraction. Notably, the y-Al,03-MWCNT/water nanofluids exhibited
a slightly higher viscosity than De-ionized water. The nanofluid volume
fraction of 0.3 vol% had a considerably higher viscosity than others due
to more nanoparticles.

2.4. Experimental test stand

The test stand consists of the test section (constantly heated copper
cylindrical block), centrifugal pump, ultrasonic flowmeter, collection
tank, nozzle, heat exchanger, control valves, pulsating device {solenoid
valves, diodes, function generator (TG120-20 MHz dial-set function
generator) & power supply}, thermocouples, data acquisition systems
and computer. A detailed description of the test rig is displayed in Fig. 5.
The test section consists of a cylindrical copper block with a narrowed
top surface diameter of 30 mm, insulated with PTFE on the sides and
bottom. It is heated by six implanted cartridge heaters from the base of
the copper block. Surface temperature is monitored using three K-type
thermocouples inserted radially at about 3 mm close to the surface at
different depths. The exiting cooling fluid temperature is estimated
using five T-type thermocouples placed on a ring holder with a diameter
of about 40 mm placed concentric to the top surface. The measured
readings are logged using an Agilent datalogger and computer system. A
single nozzle jet (D = 3 mm) was used throughout the experiment.

2.5. Test procedure

In this experimental work, the cooling of a flat-plate solar collector is
simulated using the cylindrical copper block’s flat-top surface. The
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instantaneous cooling of the flat-top surface of the copper cylinder,
heated with constant heat flux and cooled with a pulsating nanofluid jet,
will be analysed. The jet-cooling study was carried out in quasi-steady
state conditions, and the performance of water and y-Al;O3-MWCNT/
water hybrid nanofluids (mixture of y-Al,O3 and MWCNT of different
particle size, with a particle mixing ratio of 60:40, of different volume
concentration). Preceding each test, the collection tank is filled with
seven and a half (7.5) liters of the nanofluid at ambient temperature. The
thermal bathe linked with the double pipe heat exchanger is turned on
and placed at 20 °C to stabilize the inlet temperature to an average of
about 21 °C. The heater is turned on and allowed to supply constant heat
flux to the copper block until an average temperature of about 80 °C.
The pulsating device is turned on and set to the desired pulsating
function. Afterwards, the fluid is pumped from the tank through the heat
exchanger to the target surface at a set flow rate using an arrangement of
bypass valve and control valve. The instantaneous fluid flow rate, the
temperature of the surface and the exiting in the first 60 s are measured
using the thermocouples, data-logger, and computer. The data is then
retrieved from the computer and analysed.

2.6. Data reduction and uncertainty

2.6.1. Data reduction

The average pulsating Reynolds number (Re), Pulsating number
(Pn), and Strouhal’s number were calculated as follows. p is the pul-
sating duty cycle, which is the ratio of the pulsation flow-time to the
overall pulsation cycle time.

Re:p' U. Dj, 1
u
. Fou. D,
Pn:%:ﬂ:.& 2
_ Pulse —on time>< 100% 3

" total cyle time

The electrical power (Quec) supplied to the heater is estimated as the
total heat flow introduced into the block. It is estimated on the target
surface as heat flux considering the diameter of the target surface (D,).
The temperature of the target surface (top surface of the copper block)
was measured using an approximation method, i.e., the weighted
average heat flux method.
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Where T;, is the temperature of the fluid discharged from the nozzle, T,
is the average temperature of the fluid exiting the target surface after
cooling, Ty is the bulk fluid temperature, T, is the average tempera-
ture of the target surface, ATy, is the log-mean temperature difference,
d,, is the weighted average heat flux, Ay;; is the vertical distance be-
tween the different thermocouples point. The Nusselt number (Nue,,)
and the average Stanton number (St,,) was determined for datapoints
where pulse-on occurred, while the pulse-off data where neglected.
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2.6.2. Uncertainty analysis

The estimation of uncertainty in both measured and calculated pa-
rameters was conducted following the methodology outlined by Moffat
[25] and Kline [26]. In the estimation of uncertainty (5x;) in measuring a
single parameter, it is crucial to ascertain both the bias (b) and precision
(p) errors. The bias error signifies a constant error linked to the accuracy
of the instrument, often provided by the instrument manufacturer.
Conversely, the precision error is a stochastic or human-related error
stemming from individual disparities, conditions, and the measure-
ment’s location. The uncertainty of a singular measurement and the
overall uncertainty for each calculated parameter was determined using

Heat Exchanger

(@

(©

Table 1
Uncertainty estimation of measured and calculated parameter.

Parameter Maximum Uncertainty Uncertainty value
Temperature 0.30 % +0.1455 °C

delta T 0.74 % +0.037 °C
Diameter - +0.01 mm

Area 0.067 % +4.712 E-7 m?
Q elect 1.62 % +1.87 W
flowrate 0.72 % +6.67 E~7 m*/s
Reynold number 3.56 %

h 1.90 % -

Nu 5.35% -

Equations (1) and (2) from the work of Kline. The entire analysis was
executed utilizing a Python code’s “Uncertainty” function, which com-
putes the uncertainty within a 95 % confidence interval. A compre-
hensive summary of the uncertainty analysis can be found in Table 1.
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3. Results and discussion
3.1. Verification of results

The test rig was initially validated to check the accuracy of its results
with other previous studies using continuous jet impingement of water
over a range of mass flow rates before testing with the hybrid nanofluid.
The heat transfer performance result was compared to previous work by
Zhao et al. [27], Manca et al. [28] and Abishek et al. [15]. Fig. 6., shows
that the results had a close agreement with similar previous studies’
outcomes in the considered flow condition.

3.2. Effect of Reynolds number & nanofluid volume fraction

The relationship between the Reynolds number and the Nusselt
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number was examined for a continuous jet impingement. It was
observed that the Reynolds number is directly proportional to the
Nusselt number as shown in Fig. 7. Also, It’s evidence from the plot that
the heat transfer increases with increasing nanoparticle concentration.
An average heat transfer enhancement of 58.2 % was recorded for
nanofluid. Volume fraction of 0.3 vol% when compared to De-ionized
water in the same Reynold number range. Compared to other nano-
fluid volume fractions, the 0.3 vol% had better and distinct enhance-
ment at all flow rates considered.

3.3. Effect of pulsating amplitude (A)

The pulsating amplitude is a significant factor that influences the
hydrodynamic behavior of the pulsating jet impingement cooling sys-
tem, which in turn affects the heat transfer performance. Studies by
Mladin and Zumbrunnen [10], Behera et al. [12], Utturkar et al. [19],
and Zhang et al. [20] have shown that pulsating jet impingement cooling
has been reported to have augmented heat transfer than continuous jet
impingement due to the continuous renewal of both the hydrodynamic
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and thermal boundary layer. Generally, most of their outcome shows
that heat transfer efficiency for a pulsating jet increase with increasing
amplitude and Strouhal number. The result obtained in this study con-
siders the amplitude effect at a frequency (F = 0.2 Hz), wave offset (& =
2), and a sine-waveform. The study outcome in Fig. 8(a) shows other-
wise, as the convective heat transfer coefficient (Nu) reduced with
increasing pulsating amplitude. This could be the condition explained by
Mladin and Zumbrunnen, that large amplitude pulsation coupled with
low frequency often led to reduced heat transfer. Notably, the pulsation
was insignificant at a very low amplitude of 4 Vp, and the cooling
behavior was the same as a continuous cooling jet. The distinguishing
performance of the reduced nanofluid volume fraction was inversely
proportional to the heat transfer rate. The duty cycle (B) shown in Fig. 8
(a) was found to be a function of the amplitude, as the value reduced
with increasing amplitude. Fig. 8(b) shows the cooling curve for the

different amplitude using the nanofluid volume fraction of 0.2 vol% as a
case study. It shows that cooling at a pulsating amplitude of 8 Vp and 12
Vp had a better cooling rate that the “continuous” amplitude of 4 Vp, for
a cooling time of 50 s. However, as the amplitude increases further, the
cooling rate is reduced.

3.4. Effect of pulsating wave offset ()

The influence of wave-offset on the heat transfer performance of the
different nanofluid volume fraction at a pulsating frequency (F = 0.2
Hz), amplitude (A = 8), and a sine-waveform was considered and pre-
sented in Fig. 9 (a) & (b). The experimental outcome in Fig. 9 (a) shows
that the Nusselt number reduced with increasing wave offset. A similar
trend can be seen for the duty cycle, indicating less pulse-on flow for
each pulsating cycle as the wave offset increases. Fig. 9 (b) shows the
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cooling curve for different wave-offset. The cooling rate reduced slightly
as the wave offsets increased. It is noteworthy to state that, for the wave-
offset range (0 < & < 8) available on the frequency generator used for
this study, pulsating fluid flow was only possible for the range (0 < & <
4). At a higher wave-offset (3 > 4), the solenoid valve closes for longer,
which could create unnecessary pressure in the system or damage the
pump. Also, during pulsating cooling at high wave offset, the pulse-off
time is longer, and the nanofluid might dry up on the surface,
increasing the thermal boundary layer before the pulse-on. Hence, using
an optimum wave offset for suitable heat transfer performance is
advisable.

3.5. Effect of pulsating waveform

This study utilized three pulse generating waveforms (Sine, Square,
Triangle) available on the function generator. The waveform’s influence
was insignificant, as shown in Fig. 10 (a). Although triangular waveform
appeared to have peak duty cycle and heat transfer behavior, it has a
limitation of varied offset. At offset (& = 2), pulsating frequency (F =
0.2) and amplitude (A = 8); the triangular and square waves had similar
behavior to a continuous jet. However, the sine wave generally performs
better for lower nanofluid volume fraction (¢ < 0.2 vol%). The influence
of the nanofluid volume fraction was clearly shown to increase the heat
transfer rate significantly from the result. The cooling curve Fig. 10 (b)
shows that all the waveforms had a better cooling rate than the
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Fig. 11. Influence of (a) pulsating Frequency (b) pulsating number, on heat transfer.

continuous cooling jet, and the square waveform had a faster cooling
rate compared to the other waveform.

3.6. Effect of pulsating frequency

Pulsating frequency is another significant factor extensively dis-
cussed in previous literature [13,17,29,30]. However, this study has
been able to identify that the impact of frequency on the heat transfer at
a low amplitude. The result shown in Fig. 11 (a) & (b) shows the cases of
the de-ionized water and the hybrid nanofluid with volume fraction
range (0.05 vol% < ¢ < 0.3 vol%), amplitude (A = 8), wave-offset (3 =
2) and sine waveform. The study outcome establishes the relationship

between pulsating frequency and heat transfer to be inversely propor-
tional. This is because the duty cycle reduces with increasing frequency.
Also, the plots show the relationship between the pulsating number,
pulsating frequency, and the heat transfer coefficient. The pulsating
number, which is a function of the fluid’s average velocity and the
pulsation duty cycle; appears to be a better parameter while defining the
pulsating frequency. At higher duty cycles, longer pulse-on is observed,
and higher average velocity is measured for a fixed mass flow rate. The
graph Fig. 11 (a) & (b) shows that the pulsating number is inversely
proportional to the frequency but directly related to the heat transfer
coefficient. Generally, heat transfer enhancement increases with
increasing pulsating numbers for all the fluids considered, and the
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highest volume fraction of nanofluids had the best heat transfer coeffi-
cient (h = 9508 W/m’K).

3.7. Advances in pulsating jet cooling

The cooling performance while pulsating the cooling fluid was
compared to corresponding continuous jet cooling under a fixed average
fluid flow rate, as shown in Fig. 12. The result revealed that the pulsation
jet had better heat transfer performance compared to the continuous jet.
This is evidence for both D.I. water and the Al203-MWCNT/water
hybrid nanofluid during continuous jet flow and pulsating jet flow.
The heat flux removal rate increased by a factor of 1.43 while using
pulsating hybrid nanofluid compared to continuous D.I water jet for
cooling.

4. Conclusion

In this study, the extensive examination of continuous and pulsating
jet impingement cooling using Al,O3-MWCNT/water nanofluid has un-
veiled key factors influencing heat transfer, including Reynolds number,
nanofluid volume fraction, wave offset, pulsating frequency, and
amplitude.

Optimized heat transfer performance was achieved with moderately
high particle volume fractions (¢ = 0.3 vol%), resulting in a substantial
24 % enhancement with a 0.3 vol% hybrid nanofluid under continuous
jet impingement. Pulsating jet impingement exhibited a 20 %
enhancement using a sine waveform (F = 0.2, A = 8, wave offset = 2).

Nomenclature

Re Reynold number

Nu Nusselt number

Pn Pulsating number

Sr Strouhal number

St Stanton’s number

T Temperature

h Heat transfer coefficient
k Thermal conductivity
A Amplitude

F Frequency
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The impact of waveform on heat transfer proved negligible, with limited
flexibility for certain waveforms.

For superior heat transfer, a high-duty cycle with low amplitude, low
frequency, moderate wave offset, and the use of a sine waveform is
recommended. These parameters play a pivotal role in achieving
enhanced convective heat transfer characteristics.

The study’s findings provide valuable insights for optimizing heat
transfer in solar thermal collectors, guiding future design considerations
and engineering decisions for efficient and environmentally sustainable
cooling systems across various industrial applications.

The experimental outcomes complement numerical studies by
Maatoug et al. [11], Selimefendigil & Oztop [21]. Lau et al. [22] and
Mohammadpour et al. [23] address gaps in predicting the real behaviour
of pulsating nanofluid jet impingement cooling.

In conclusion, this research contributes significantly to advancing
knowledge in thermal sciences, offering practical implications for
designing efficient cooling systems. Future endeavors could explore the
scalability and feasibility of implementing pulsating nanofluid jet
impingement cooling in real-world scenarios, propelling innovation in
electronic devices, power electronics, data centers, and renewable en-
ergy systems.
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Greek Characters

=T 6 g™

Duty cycle
wave-offset
Volume fraction
Density

Gamma form

Abbreviations

Al;03

Alumina oxide

MWCNT Multi-Walled Carbon Nanotube

uv

SDBS

Ultra-Violet
Sodium DodecylBenzene Sulfonate

FEG-SEM Field Emission Gun-Scanning Electron Microscope

TC Thermal conductivity
DI Di-ionized

CJ Continuous Jet

PJ Pulsating Jet

Vp Voltage peak

Vol Volume

PTFE Polytetrafluoroethylene
Qelect Electrical power

Q Quantity of heat

q Heat flux

I Electric current

\ Electric voltage

D Diameter

D, Target surface diameter
U Velocity

m Mass flow rate

1% Volumetric flow rate
Ajer Cross-sectional area of Jet
Thuik Bulk temperature

Lpm liters per minute
Subscripts and superscripts

i initial

e final

t time

1 level

c copper block

tc Thermocouple

pul pulsating
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