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One of the significant issues in energy conversion systems is efficient heat transfer which is generally done by heat ex-
changers (HEs). Different ways have been utilized to increase the performance of HEs. One of these ways for enhancing
heat transfer rate is using a nanofluid. In this experimental work, the effect of utilizing Al,O3-SiO,/deionized water hybrid
nanofluid at various particle ratios on the efficiency of parallel flow tube-type heat exchanger (PFTHE) and counterflow
tube-type heat exchanger (CFTHE) has been investigated experimentally. Hybrid nanofluids have been made by dispersing
Aly,O3-Si0; nanoparticles in water at weight concentrations of 0.5, 1, and 1.5%. In addition, to avoid sedimentation and
also to improve stability of hybrid nanofluids, surfactant has been added into the nanofluid. The tests have been performed
in different configurations to illustrate the effect of utilizing hybrid-type nanofluids. Using AlyO3-SiO,/deionized water
hybrid nanofluid led to a maximum enhancement of 25%, 60%, and 67% of the overall heat transfer coefficient at 0.5%,
1%, and 1.5% nanoparticle ratio, respectively.
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1. INTRODUCTION

In the past decades, rising world population has caused an increase in the global energy consumption. So, devel-
oping new efficient energy systems is inevitable due to limited fossil resources and increasing air pollution. One
of the significant issues in energy conversion systems is efficient heat transfer that is generally done by using HEs
(Afshari et al., 2017; Variyenli, 2019). Several types of HEs are usually used in different industries. The thermal
efficiency of HEs can be enhanced by applying different methods such as adding fins and ribbed surfaces. More-
over, utilizing nanofluids instead of traditional heat transfer working fluids is an efficient method to rise the ther-
mal efficiency of HEs. The nanofluids are suspensions of nanoparticles in the base working fluid that can increase
the efficiency due to their superior thermophysical characteristics in comparison with conventional working fluids
(Agbulut and and Saridemir, 2018; Kaya et al., 2019; Akhlaghi et al., 2018; Agbulut et al., 2020). The perfor-
mance of utilizing nanofluids in HEs belongs to both nanofluid properties and geometrical parameters of the heat
exchanger used. Also, it should be indicated that the thermal behavior of nanofluids belongs to different parameters
like nanoparticle type, nanoparticle size, nanoparticle shape, ratio of nanoparticles, surfactant type, and base fluid
properties (Badali et al., 2019, 2020; Sozen et al., 2018, 2019).

Further enhancement in thermal performance of nanofluids can be achieved by mixing two or more various
particles in the base working fluids that are known as hybrid nanofluids. One type of nanoparticles cannot have all
desired properties. Therefore, hybrid nanofluids are suitable to utilize as these nanofluids supply enhanced thermal
behavior due to synergetic effect (Sajid and Ali, 2018). In some studies, it has been indicated that hybrid nanoflu-
ids illustrated better thermal behavior than the nanofluids that include one type of nanoparticles (Saba et al., 2019;
Giwa et al., 2020; Zufar et al., 2020).

There are lots of researches which investigated thermal behavior of hybrid-type nanofluids. Soylu et al. (2018)
analyzed the influence of adding various nanoparticles, including TiO,, TiO, doped with Ag, and TiO, doped with
Cu, to ethylene glycol-water as a base fluid on the performance of automobile radiator. Their experimental results
indicated that the nanofluid containing TiO, doped with Ag exhibited the best thermal performance in comparison
with other nanofluids. Karimi and Afrand (2018) numerically analyzed the performance of MgO-MWCNTs/eth-
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NOMENCLATURE
A heat transfer area, m> Greek Symbols
p specific heat capacity, kJ/kg-K AT, logarithmic mean temperature
C heat capacity rate, W/K difference, K
Eloss exergy loss, W € heat exchanger
e dimensionless exergy loss effectiveness
h heat transfer coefficient, W/m?K .
Ipm liter per minute Suberipts
m mass flow rate, kg/s c cold
Q heat transfer rate, W e environment
N specific entropy, J/kg K h hot
T temperature, K i inner
overall heat transfer coefficient, in inlet
W/m*K 0 outer
Wr total uncertainty, % out outlet
wi, wo, and ws uncertainties in the independent 1 function uncertainty
variables T total

ylene glycol hybrid nanofluid in an air-cooled HE. They reported that using this hybrid nanofluid can improve the
efficiency up to 10%. Hormozi et al. (2016) experimentally examined the influence of utilization of alumina—silver/
water hybrid nanofluid on thermal efficiency of helical coil HE. Also, they investigated the effect of surfactant
type. Their findings showed that this hybrid nanofluild can enhance the thermal performance up to 16%. Bahiraei
et al. (2019) numerically analyzed the effect of using hybrid nanofluids containing graphene nanoplatelet—platinum
in tube-type heat exchangers with inserted ribs. Their outcomes demonstrated that increasing the nanoparticle ratio
and rib height can increase heat transfer in a heat exchanger.

Table 1 summarizes some studies in the literature that utilized Al,O3/water and SiO,/water nanofluids in dif-
ferent HEs. As it can be seen, utilizing these two nanofluids separately enhanced the thermal efficiency in various
heat exchangers. In this study it is proposed to improve the thermal efficiency of tube-type heat exchanger (THE)
by utilizing Al,03-Si0,/deionized water hybrid nanofluid, since one type of nanoparticles cannot have all desired
properties. In this regard, Al,03—SiO,/deionized water hybrid-type nanofluid has been tested in the tube-type heat
exchanger in various flow modes. In addition, the optimum particle concentration for Al,03—SiO,/deionized water
hybrid nanofluid has been investigated. The major steps of this study are illustrated in Fig. 1.

2. MATERIAL AND METHODOLOGY

2.1 Test Setup

The schematic view of the test setup used in the present work is illustrated in Fig. 2. Two various fluid circuits
are available in the test setup consisting of cold and hot loops. In the present work, Al,03—SiO,/water nanofluid
has been tested in hot fluid loop of the HE. Hot fluid (Al,03—SiO,/water) is warmed by using two electrical re-
sistances which were located inside a hot fluid reservoir and then circulated into a hot side by a circulation pump.
In the experimental apparatus to control the hot fluid level inside the tank a bullseye has been utilized. Moreover,
to control unexpected jump in pressure a regulator has been mounted in the system. Two flowmeters have been
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FIG. 2: Schematic view of the experimental setup

used in the experimental apparatus to set the flow rate in the cold and hot sides. In the experimental apparatus ten
thermocouples were utilized to record temperature in two fluid loops. The properties of the utilized instruments in
the test rig are listed in Table 2. In the tube-type heat exchanger section of setup, cold fluid flows over the exterior
tube and hot fluid flows over the inner tube. Adjustable design of the experimental apparatus allows one to use
the HE in parallel flow and counterflow modes by adjusting the valves which were mounted in the setup. The hot
fluid is warmed up inside the reservoir and then is transferred to the HE and releases its thermal energy to the cold
fluid which flows over the exterior tube of the HE. The cold fluid is poured from the system after gaining thermal
energy in the heat exchanger.
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TABLE 2: The properties of the utilized equipment in the test rig

Equipment Properties
Cold loop flowmeter (g/s) 4-50
Hot loop flowmeter (Ipm) 1-10
Hot loop interior radius (cm) 0.395
Hot loop exterior radius (cm) 0.475
Cold loop interior radius (cm) 0.555
Cold loop exterior radius (cm) 0.635
Interior heat transfer area (sz) 260
Exterior heat transfer area (sz) 310
Mean heat transfer area (mmz) 288
Total flow area (mz) 0.49
Pump head (mSS) 1.5
Heat supply (W) 3000
Thermocouple J
Sensitivity of temperature indicator (°C) 0.1

2.2 Preparation Procedure for the Nanofluid

In the first step of making nanofluid, to acquire homogeneous Al,O3 and SiO, nanoparticles and to decrease the
size of particles, a ball milling process has been carried out for 8 h. In the second step, hybrid nanofluids at weight
concentrations of 0.5, 1, and 1.5% have been made by dispersing the mixture of Al,03 and SiO, nanoparticles in
deionized water as the base fluid. In addition, to avoid precipitation and also to stabilize the hybrid nanofluids,
sodium dodecyl benzene sulfonate (SDBS) surfactant has been added to the nanofluid by consulting related studies
in the literature (Ciftci and Sozen, 2020; Khanlari et al., 2020). A mixing surfactant enhances wetting capability
of the prepared nanofluids and also decreases the surface tension. In addition to using the surfactant, an ultrasonic
bath has been utilized to obtain more stable nanofluids. The prepared hybrid nanofluids are shown in Fig. 3.

0.5% 1% 1.5%

FIG. 3: Prepared hybrid nanofluids
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After preparing hybrid nanofluids, the thermophysical characteristics of them have been determined. The den-
sities of hybrid nanofluids have been achieved by getting weight of a certain volume of nanofluids under environ-
mental conditions by using an analytical balance. The viscosities of prepared hybrid nanofluids have been obtained
by an AND SV-10 viscometer. Moreover, the specific heat capacity of prepared samples has been determined
utilizing the differential scanning calorimetry technique. In this context, a Perkin Elmer brand DSC apparatus was
employed to get the heat capacity of Al,O3—SiO,/water in different concentrations.

2.3 Experiments

Water has been tested on the hot side of the HE in the first step of the tests. Then the performance tests of prepared
Al,03-Si0,/deionized water nanofluids have been conducted and compared with deionized water. The perfor-
mance tests were done at various flow rates (3—9 Ipm) to determine the impact of utilizing this hybrid nanofluid
and also to illustrate the influence of particle concentration. The flow rate of cold fluid was kept constant (10 g/s).
In order to get more accurate outcomes each experiment was repeated three times and the obtained mean values
were employed in the analysis.

2.4 Theoretical Calculations

The heat transferred in a HE can be expressed as the heat gained by the cold loop (Qc) or the heat released by the
hot loop (Qj,). The heat released by the hot loop of the THE can be obtained as

Oy = mycp, y(Tzs — Ts) . (1)
In addition, the heat achieved by the cold loop of the THE can be expressed as

'c:mcc,c 7 —110)-

0 p.c(T7 = Tig) 2

The highest thermal performance can be achieved when the heat transferred in the hot loop is equal to the heat
transferred in the cold loop by assuming the thermal energy transfer from the internal fluid (hot loop) to external
fluid (cold loop), by ignoring the resistance in the transfer area, and neglecting measuring errors:

0. =0y 3)

The effectiveness of HE as a crucial indicator in evaluating the performance of HE can be calculated by the fol-
lowing equation:

Q _ Ch(Th,i_Th,o) _ Cc(Tc,o_Tc,i)

g = 2 = = : “4)
Qmax Cmin (Th,i - Tc,i) Cmin (Th,i - Tc,i)
Here C, and Cj, are the heat capacity of cold fluid and hot fluid, respectively, that can be expressed as
Ch = I’i’lh Cp,h: (53)
Ce=mecp. (5b)

The thermal energy transferred between the tube surface area and the fluid flowing along the tube can be achieved
as

O = hAAT, (6)

where & represents the coefficient of heat transfer (HTC) between the flowing fluid and the interior area of the
tube, A4 is the area, and AT}, shows the logarithmic mean temperature difference and can be expressed as (Sozen
et al., 2016a)

ATln — ATinlet - AToutlet ) (7)

In ( ATinlet J
AT, outlet
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By rearranging the mentioned equations, the thermal energy removed from the hot loop can be achieved as fol-
lows:

. hAil(Ts = Th) = (Ts = Ty)]
m| B0
Ie -1,
The HTC in the hot loop of the tube-type exchanger can be calculated by Eq. (8). Moreover, the rate of heat trans-
ferred on the cold side of the tube-type heat exchanger can be calculated by the following equation:

_ heAo[(Ty = T7) = (T> — Tip)]
In [ Lh-1 J
T, =Ty
The overall heat transfer coefficient (OHTC) as another crucial indicator in the HE performance can be obtained
as (Sozen et al., 2016b)

®)

0. 9)

(T3 - T7) - (Tg —10)
Ty - T '
In|2—7
Ty — 10
Exergy can be expressed as the maximum work that can be obtained in the theory in a reversible process under
certain environmental conditions. In this context, the reference environmental conditions must be determined to
evaluate exergy. In this study, the reference ambient temperature is 20°C. Two types of losses can occur in a HE
including the effect of temperature difference and pressure drop. However, in this study, exergy analysis has been

performed by considering heat transfer irreversibility and ignoring the pressure drop factor. So, exergy loss in THE
can be expressed as the total amount of exergy losses in hot and cold flows (Heyhat et al., 2018):

Ohot = ArU (10)

Eloss = Eloss,h + Eloss,c . (11)
Equation (11) can be rewritten as follows:
Eloss =the (Sh,out - Sh,in) + che(sc,out - Sc,in) . (12)

The entropy change can be defined using the following equation by assuming fixed thermophysical specifications
for the utilized working fluids:

Touc (13)

Sout — Sin = Cp In
in

So, Eq. (12) can be rearranged as follows:

. T, T
Ejoss = Toritc,In ( 7’3""“] + Trinecpln (ﬂJ (14)

h,in c,in

By supposing a reference for fluid with peak temperature, in other words the fluid with lowest heat capacity rate,
in the tube-type HE the dimensionless exergy loss can be obtained as follows:

e = o (15)

where C, illustrates the lowest heat capacity rate and also 7, denotes the environment temperature.
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2.5 Uncertainty Analysis

Throughout the test procedure, flow rates and temperature values were obtained by appropriate measuring devices.
Uncertainty evaluation is a helpful means for obtaining uncertainties and also for evaluating the empirical out-
comes. Experimental uncertainties may arise from measuring device specifications, device calibration, connection
types of utilized devices, and also from experimental conditions (Karag6z et al., 2017). The total uncertainty in the
test process can be obtained by Eq. (16) (Karagéz et al., 2020). The specifications of utilized measurement device
and their uncertainties are given in Table 3. The uncertainties obtained in this study are in good agreement with
results of similar studies in the literature (Afshari et al., 2019; Khanlari et al., 2020)

2 2 2 %
OR OR OR
W =||l—w | +|— wm | +...+|—w, . (16)
ox 0xy ox,

3. RESULTS AND DISCUSSION

In this section, the main outcomes of experimental study have been illustrated and explained in detail. An average
size of Al,O3 and SiO; nanoparticles is 78 nm and 35 nm, respectively. Also, the thermophysical specifications of
Al,03-Si0,/deionized water hybrid nanofluids at different concentrations are illustrated in Table 4.

The performance tests of hybrid nanofluids have been done at different fluid flow rates to determine the in-
fluence of using hybrid-type nanofluids on the hot side of tube-type heat exchanger. The change in OHTC with
flow rate of hot fluid in PFTHE for water and hybrid nanofluids is shown in Fig. 4. As is seen, OHTCs of hybrid
nanofluids are higher than that of water at all flow rates. The highest improvement in OHTC was obtained as 25%,
60%, and 67% at 0.5%, 1%, and 1.5% nanoparticle concentration, respectively. In addition, an increment in OHTC
of PFTHE was obtained in the range of 12-25%, 22-60%, and 27-67% by using Al,03—SiO, nanoparticles at
0.5%, 1%, and 1.5% concentration, respectively.

The change in the HTC on the hot side with respect to the flow rate of hot side in PFTHE is illustrated in
Fig. 5. The obtained HTC of Al,03-SiO,/deionized water nanofluid is high in comparison with HTC of water at
every flow rate, with a peak enhancement of 32%, 39%, and 56% at 0.5%, 1%, and 1.5% nanoparticle concen-
tration, respectively. Also, improvement in HTC of PFTHE was achieved in the range of 11-32%, 21-39%, and
31-56% by using Al,03—SiO; nanoparticles at 0.5%, 1%, and 1.5%, respectively. As is clearly seen from the fig-
ure, HTC is increased by increasing the flow rate for hybrid nanofluids and also for deionized water. In the present
work, HTC on the hot side in PFTHE was achieved in the range of 6700—15,800 W/m?>K. In a research done by

TABLE 3: Measurement device specifications

Device Quantity Range Accuracy Uncertainty
Thermocouples 10 0-350°C 0.5°C +0.588°C
Cold loop flowmeter 1 4-50 g/s +5% +5.36%
Hot loop flowmeter 1 1-10 Ipm +5% +5.13%

TABLE 4: Thermophysical specifications of prepared nanofluids

Fluid Viscosity (mPa-s) Density (kg/m3)
Deionized water 0.89 998
Al,03/S10, (0.5%) 0.90 1003
Al,05/S10, (1%) 0.91 1005
Al,053/S10, (1.5%) 0.93 1009

Heat Transfer Research
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FIG. 4: OHTC change with respect to the flow rate in PFTHE
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FIG. 5: Change in HTC of the hot side with respect to the flow rate in PFTHE

Khanlari et al. (2020), kaolin/water nanoﬂuld was tested in a tube-type HE and HTC on the hot side was reported
to be in the range 6000-16,000 W/m?K. In addition, in a study performed by Sozen et al. (2016a), ﬂy ash/water
was utilized in a tube-type HE and HTC on the hot side was achieved between 6000—17,000 W/m?K. As it is
seen, the HTC obtained in this study is in good agreement with that of similar studies.

Figure 6 shows variation in HTC of the cold side with respect to the flow rate in PFTHE. The obtained cold
side HTC for hybrid nanofluids is higher in comparison with that of water at all flow rates, with a maximum incre-
ment of 9%, 12%, and 19% at 0.5%, 1%, and 1.5% nanoparticle concentration, respectively. However, increment
in HTC of the cold side of PFTHE was achieved in the range of 5-9%, 8-12%, and 12—-19% by using Al,03-SiO,
nanoparticles at 0.5%, 1%, and 1.5% concentration, respectively. In a study performed by Khanlari et al. (2020),
a maximum HTC enhancement of 19% was achieved on the cold side of THE by utilizing kaolin/water nanofluid
including 2% particle concentration.

As mentioned above, the experiments have been done in two different modes of HE including parallel flow
and counterflow. The change in OHTC with hot fluid flow rate in counterflow tube-type HE (CFTHE) for water
and hybrid nanofluids is illustrated in Fig. 7. As is clearly seen from the figure, OHTC is improved by utilizing
Al,0O3-Si0,/deionized water nanofluid in the hot circuit of CFTHE. A maximum increment in OHTC was obtained
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as 13%, 17%, and 20% at 0.5%, 1%, and 1.5% nanoparticle concentration, respectively, while the increment in
OHTC of PFTHE was achieved in the range of 9-13%, 11-17%, and 12-20% by using A1203 Si0, nanopar-
ticles at 0.5%, %, and 1.5% concentration, respectively. The obtained OTHC for CFTHE is in the range of
4200-6500 W/m>K. Khanlari et al. (2020) achieved OHTC in the range of 4200-6100 W/m?K in a counterﬂow
THE by utilizing kaolin/water nanofluid. Also, Sézen et al. (2016b) achieved OHTC between 2000-3800 W/m*K
in a counterflow THE by utilizing Al,O3 and fly ash/water nanofluids.

The variation of the HTC of hot fluid in CFTHE is shown in Fig. 8. The HTC of Al,03—Si0,/water nanofluids
is improved at every flow rate, with a peak increment of 12%, 27%, and 39% at 0.5%, 1%, and 1.5% nanoparticle
concentration, respectively. In addition, enhancement in HTC of hot fluid in CFTHE was achieved in the range of
7-12%, 10-27%, and 21-39% by using Al,O3—SiO, nanoparticles at 0.5%, 1%, and 1.5%, respectively. As is seen
in the figure, the HTC of the hot side increased by rising the flow rate of hot fluid for hybrid nanofluids and also
for deionized water.

Figure 9 shows the variation in HTC of the cold side with respect to the flow rate of hot fluid in CFTHE. The
attained cold side HTC for hybrid nanofluids is higher in comparison with that of the water at every flow rate. Im-
provement in HTC of CFTHE was achieved in the range of 2-5%, 3.4-6.5%, and 6.5-13% by using Al,03-SiO,

Heat Transfer Research
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FIG. 9: Change in HTC of the cold side with respect to the flow rate in CFTHE

nanoparticles at 0.5%, 1%, and 1.5% concentration, respectively. However, a maximum enhancement of 5%, 6.5%,
and 13% at 0.5%, 1%, and 1.5% nanoparticle concentration, respectively, was achieved.

The effectiveness of heat exchanger is another crucial indicator in analyzing the thermal behavior of the heat
exchanger. Variations of the effectiveness in PFTHE and CFTHE via the Reynolds number are illustrated in
Figs. 10 and 11. As is seen, using Al,03—SiO,/deionized water hybrid nanofluids increased the effectiveness in
PFTHE and CFTHE in the range of 4-26%. The effectiveness decreased by increasing the Reynolds number as it
can be seen in Figs. 10 and 11. The Reynolds number rises with raising flow rate. Moreover, it must be said that
fluid heat capacity improves by raising the flow rate, so temperature variation of fluid reduces, thus leading to re-
duction in the effectiveness. High flow rates of flowing fluid lead to reduction in temperature change because the
period of fluid presence inside the system decreases and leads to decrease in the effectiveness of heat exchanger.
Similar outcomes for THE effectiveness were achieved by Gomaa et al. (2016, 2017) and Khanlari et al. (2020).

Dimensionless exergy loss changes via the Reynolds number in PFTHE and CFTHE are presented in Figs. 12
and 13. Utilizing Al,03-Si0,/deionized water hybrid nanofluids in PFTHE and CFTHE decreased dimensionless
exergy loss in the range of 5-31%. Moreover, it must be said that in CFTHE the rate of heat transfer is high in
comparison with PFTHE. Consequently, the exergy loss in CFTHE will be lower in comparison with PETHE. This
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FIG. 13: Change in dimensionless exergy loss with respect to the Reynolds number in CFTHE

fact shows that a high exergy loss of HE is not directly relevant to the rate of heat transfer. The crucial parameter
that has important influence on exergy loss is finite temperature variation between hot and cold water. So, it should
prevent high local temperature variation among cold and hot fluids in the HE. Similar results for dimensionless
exergy loss were obtained by Khanlari et al. (2020).

The experimental results indicated that utilizing Al,O3—SiO,/deionized water hybrid nanofluid at different con-
centrations on the hot side of the PFTHE and CFTHE enhanced heat transfer notably. Moreover, increasing the
nanoparticle ratio from 0.5% to 1.5% caused the increase in thermal efficiency. However, increasing the nanopar-
ticle concentration can cause the sedimentation problem.

4. CONCLUSIONS

In this work, the effects of utilizing Al,03—SiO,/deionized water hybrid nanofluid at various ratios on the thermal
behavior of THE in two different modes were studied. The tests have been performed in various configurations to
clarify the behavior of Al,03—SiO,/deionized water nanofluid. Utilization of this hybrid nanofluid in the PFTHE
and CFTHE enhanced heat transfer notably. The highest increments in the OHTC of PFTHE and CFTHE were
achieved as 67% and 20%, respectively. Also, the 1.5% nanoparticle concentration showed the best thermal perfor-
mance in comparison with other concentrations. The experimental outcomes indicated that Al,O3—SiO,/deionized
water can be effectively used in THE.
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