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The specific heat of aqueous graphene+Al,O; (1:1) hybrid nanofluid was meas-
ured using the cooling method. The influence of nanoparticle mass fraction and
temperature on the specific heat capacity of the hybrid nanofluids was investigat-
ed, the specific heat of the hybrid nanofluid was compared with that of aqueous
graphene oxide nanofluid and Al,O; nanofluid. A fitted formula of the specific
heat of the hybrid nanofluid was proposed based on the experimental data. It in-
dicates that the specific heat reduction ratio increases with increase of nanopar-
ticle fraction and the maximum reduction ratio is 7% at 0.15 wt.% at 20 °C. The
mass fraction of nanoparticle affects the specific heat of hybrid nanofluid more
significantly at lower temperature. Temperature impacts the specific heat more
distinctly than the nanoparticle fraction. The specific heat increases with temper-
ature and the maximum specific heat reduction ratio of the hybrid nanofluid di-
minishes from 7% at 20 °C to 2% at 70 °C at the mass fraction of 0.05%.
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Introduction

Nanofluids have a wide range of applications [1, 2]. It is a solid-liquid two-phase
mixture formed by suspending nanosized particles (less than 100 nm) in a liquid. The nanoflu-
ids have unique heat transfer characteristics. They have significantly improved thermal con-
ductivity, providing enhanced heat transfer performance with less abrasion or pipe blockage
compared to a macro-particle two phase fluids [3-9]. They also play a very important role in
PCM, such as enhancing specific heat capacity [10], reducing supercooling degree, and in-
creasing thermal conductivity [11].

Nanofluids can be divided into two categories according to the types of nanoparti-
cles. First is a single nanofluid formed by a single nanoparticle and base liquids, the other is a
hybrid nanofluid formed by mixing multiple nanoparticles and base liquids. The deficiency
with single nanofluids is that they either have good thermal networks or have better rheologi-
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cal properties, but not all the features that are necessary for a particular application. Thus,
there is a trade-off between the characteristics, which leads to a number of limitations in sin-
gle particle type nanofluids for practical applications. Hybrid nanofluids have better thermal
network and rheological properties simultaneously, which can make up for the limitations of
single nanofluids in applications [12]. However, research is relatively scarce in the prepara-
tion, determination of thermal properties, as well as heat transfer and friction factor of hybrid
nanofluids [13]. In addition, there were many studies performed to characterize the thermal
conductivity of nanofluids [9, 14], but fewer on the specific heat capacity of nanofluids.
Moreover, most of the existing studies that focus on the specific heat capacity of single-
nanoparticle nanofluids [15-18], even fewer on that of hybrid nanofluids. As a very important
thermophysical parameter, specific heat also has crucial influence on the temperature field,
heat transfer and thermal energy storage directly [19, 20].

Yarmand et al. [15] measured the specific heat of graphene/platinum hybrid nano-
fluids. They observed that the specific heat of the hybrid nanofluid decreases with the increase
of nanoparticle concentration. The specific heat capacity of a hybrid nanofluid of mass frac-
tion 0.02 wt.%, 0.1 wt.% is about 1.77% and 6.26% lower than that of the base fluid at 45 °C,
respectively. Sacedinia et al. [16] studied the specific heat capacity of oil-based CuO nanoflu-
ids with 0.2-2 wt.% at different temperatures. Their results show that the specific heat capaci-
ty of the nanofluid is lower than that of the base fluid, and decreases with increase of nanopar-
ticle concentration. Nieh et al. [21] used AlO3 and TiO; nanocoolant to improve the heat dis-
sipation performance of an air-cooled radiator. They found the specific heat of the nanoco-
olant gradually decreases with the increase of the concentration of Al,O3; and TiO: due to the
low specific heat of Al,O3 and TiO; nanoparticles. Vajjha and Das [22] determined the specif-
ic heat of the fluid by dispersing Al,Os3, ZnO nanoparticles in propylene glycol-water (volume
ratio 60:40). They found the specific heat decreases with the increase of volume concentration
of nanoparticles and increases with the increase of temperature. Ho et al. [23] studied the ef-
fect of dispersed nanoparticles on the thermal properties of aqueous PCM suspension. It was
found that dispersing Al,O3 nanoparticles in the PCM suspension reduces the effective specif-
ic heat of the hybrid suspension significantly, especially in the absence of a phase change in
the microencapsulated phase change material (MEPCM) particles. Hu et al. [24] investigated
the effective specific heat capacity of PCM, binary nitrate eutectic with silica nanoparticles
used in concentrating solar power plants, using both experimental measurements and molecu-
lar dynamics simulations. The results showed the specific heat capacity increases when add-
ing 10 nm silica nanoparticles up to 1.0 wt.%, and then it decreases at higher concentrations.
The 20 nm nanoparticles display a maximum enhancement in the average specific heat ca-
pacity (by ~26.7%). The molecular dynamics simulation indicated that the change of Cou-
lombic energy contributes the most to the variation of specific heat capacity.

Ice slurry, a useful aqueous PCM at the cold side of the heat engine, is an excellent
way of storing energy even in large quantities [25]. Liu et al. [26-28] studied the nucleation
rate and supercooling degree of ice slurry. They found graphene oxide (GO) nanofluids can be
used as alternative PCM in cold storage application because of their low supercooling de-
grees. The supercooling degrees were reduced by more than 74% with the increase in volume
concentration of GO. The addition of oxygen-containing functional groups on GO makes it
more active than graphene and can also improve its properties through various reactions with
oxygen-containing functional groups.

Furthermore, GO is hydrophilic and has a superior dispersion stability and higher
thermal conductivity [29, 30]. Nano Al,O3 is a common metal oxide material and is widely
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used in various nanofluids because the Al,O3; nanofluid has lower viscosity and better rheo-
logical behavior as compared to other particles such as copper oxide [31, 32]. It offers obvi-
ous advantages such as higher thermal conductivity, cheap, safe, good stability in water [33-
36]. Nevertheless, research on the specific heat of hybrid nanofluids formed by ALO3, GO
and water has not been reported. This study is motivated by the potential advantages of these
two nanomaterials to prepare a new hybrid nanofluid for using as ice slurry, i. €. using nano
AlOj3 and GO as the dispersed phase and deionized water as the base fluid. The specific heat
of the hybrid nanofluid will be determined to consider its influence on performance of the ice
slurry.

There are many methods to determine specific heat capacity [37]. The widespread
ways are calorimetric measurements [38-42] and law of cooling [43-46]. As a more accurate
and convenient method, the cooling method is employed to measure the specific heat of the
hybrid nanofluids at various temperatures and nanoparticle mass fractions. Moreover, a fitted
formula of specific heat capacity for the hybrid nanofluid is proposed based on the experi-
mental results.

Experimental procedure

Preparation and characterization of hybrid nanofluid

The hybrid nanofluids were prepared by the well-known two-step method. The GO
(purity > 99 wt.%, layer number < 10, Shenzhen Turing Evolution Technology Co., Ltd.),
aluminum oxide nanoparticles (purity > 99.99%, average particle size of 30 + 5 nm, Shanghai
Maikun Chemical Co., LTD), and sodium dodecyl sulfate (SDS) dispersant (anion, analytical
purity, Beijing Biotechnology Co., Ltd.) were added to deionized water to form hybrid
nanofluids of different mass fractions, and the pH was determined by acidity meter. After stir-
ring for 30 minutes with a magnetic stirrer, it was sonicated for 90 minutes to obtain a uni-
formly dispersed stable nanofluid. The change of the nanofluid stability was tested by WGZ-
2000 Turbidimeter (Shanghai Xin Rui Instrument Co. Ltd.). The 4 mL of the hybrid nanofluid
was extracted from the upper section of the container and was diluted by three times with de-
ionized water. The absorbance of the hybrid nanofluids was measured with time using the tur-
bidimeter. The absorbance reduction ratio (ARR) is defined as:

ARRY = 20 =B 1 (1)
A

where A and A, are initial absorbance and ab-
sorbance at time N, respectively.

Figure 1 is the SEM of dispersion of hy-
brid nanoparticles in the base solution, which
shows that the Al,O3 nanoparticles disperse in
the GO homogenously. Figure 2 shows the in-
fluence of SDS mass fraction on the absorbance
and the ARR. The absorbance decreases greatly
over the first four days and then the decrease
slows down, and the ARR is reduced by
30-50% in seven days when adding SDS as dis-
persant, which shows the dispersant makes the
hybrid nanofluid more stable.

Figure 1. The SEM of dispersion of hybrid
nanoparticles in the base solution
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Figure 2. Influence of SDS on absorbance (a) and ARR (b)

1 9 3 Determination of specific heat capacity

The specific heat capacity of the liquid
was determined by the cooling method. Figure
3 shows the schematic diagram of the test rig.
A. Sample of mass, M;, was put into a small
container of mass, M, and specific heat, Cp,
also heated up to the required temperature, Ti,

6 5 . . . . .

_ o ) using the incubator in the specific heat capacity
Figure 3. Schematic diagram of test rig; instrument (BRR-II/II, Xiangtan Xiangyi in-
1 — incubator, 2 — temperature controller and strument Co. LTD, China). It was then trans-
recorder, 3 — temperature sensor connector, S . .

4 — container for lower temperature sample. ferred to an adiabatic container quickly. The de-
5 — adiabatic container, 6 — container for higher ~ 1onized water as standard sample was kept at a
temperature sample lower temperature, T,. The standard sample of

mass, M, was quickly poured into the hybrid
nanofluid sample and the mixing temperature, T3, was measured and recorded until the tem-
perature remained constant. The equations express the applicable heat balances:

Q=02+ QL )
Q =(CpneM; +C, M )T, —T5) 3)
Q, =C My (T3 -T) 4)

The Qi is the heat released by hybrid nanofluid sample and container Q. — the ab-
sorbed heat by deionized water, Q1. — the heat loss, Cynr, Cpbr are the specific heat capacity of
hybrid nanofluid and deionized water, respectively. The mixing system is adiabatic. The tem-
perature of the low temperature sample equates to the environment temperature in the meas-
urement, and the mixing equilibrium time of two fluids is shorter than that between solid and
liquid. Therefore, the heat loss from the mixture fluid to the environment is very small and Q¢
can be neglected. A small and thin-wall glass container is used, so the released heat by con-
tainer can also be neglected. Therefore:
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_ Cp,bez(T3 _Tz)
nf —
P M, (T, - T;)

The temperature probes in the instrument have an accuracy of 0.1 °C, and the accu-
racy of the electronic balance is 0.1 mg. The measurement is repeated five times for each
sample at the same temperature. The experimental uncertainty is calculated according to:

Cont [T\ (6T, (6T, (oM} (oM,
=l =]+ = | +| = | +| — | +| —= (6)
IC ot M T ITs| M| M,
The average uncertainty is 1.36% at the range of nanoparticle mass fraction
0.05-0.15 wt.% and temperature 20-70 °C.

)

Reliability validation

The specific heat capacity of the deionized water was measured to verify the reliabil-
ity of the experimental system. Figure 4 shows the comparison between the experimental re-
sults of deionized water and the standard data in literature [47]. It can be seen that the error is
within +1.4%, which means the experimental system is stable and reliable.

Results and discussion

Influence of nanoparticle mass fraction on the
specific heat of hybrid nanofluids

Figure 5 shows the influence of temperature and mass fraction on the specific heat
capacity wherein the mass ratio of the Al,O3 and GO is 1:1. It reveals the specific heat capaci-
ty of the nanofluid decreases with the increase of nanoparticle mass fraction. The specific heat
capacity of the 0.05 wt.% and 0.15 wt.% hybrid nanofluid reduces by 4% and 7% as com-
pared to the base liquid at 20 °C, respectively. The specific heat of the 0.05 wt.% hybrid
nanofluid reduces by 1% at 70 °C, and the specific heat capacity of the 0.15 wt.% hybrid
nanofluid reduces by 0.5% compared to that of the 0.05 wt.% hybrid nanofluid at 70 °C. This
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Figure 4. Comparison between experimental Figure 5. Relations of the specific heat,
results of the specific heat capacity of deionized nanoparticle mass fraction and temperature of

water and the standard data the hybrid nanofluid
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is due to water having higher specific heat than that of the nanoparticles on one hand, on the
other hand, it shows the hybrid nanoparticle affects specific heat capacity heavily, even a
small amount of mass fraction nanoparticle can reduce the specific heat capacity greatly, es-
pecially at lower temperature.

Figure 6 is the heat capacity reduction ratio of the hybrid nanofluid, which is de-

fined:

C, %:[MJH)O 7)
' Cp bf

10 - It indicates that the heat capacity reduction
F o9 o ratio increases with the increase of nanoparticle
-.‘-i 3 s gg :g . mass fraction, with maximum reduction ratio of
5 sf| 905 o almost 7% at 0.15 wt.% at 20 °C, which is
S 5¢ A : about seven times than that at 0.05% at 70 °C.
k: g P . . ‘ N At the same temperature, when mass fraction
Sl : : : T increases from 0.05 wt.% to 0.15 wt.%, the av-
T g ! erage reduction ratio increases by 1.5%, which
l1) r means the mass fraction of nanoparticle affects

004 006 008 010 012 014 o016 the specific heat of hybrid nanofluid more sig-
Mass fraction [%] nificantly at lower temperature.

Figure 6. Influence of mass fraction on heat

capacity reduction ratio of the hybrid nanofluid Influence of temperature on specific heat

capacity of hybrid nanofluid

Besides fig. 5, fig. 7 shows distinctly the

% i —a—0.05 wt.% influence of temperature on the specific heat of
§ i . 8:?7\,,‘{%):/“ the hybrid nanofluid. It can be observed that the
g °l 5 ST specific heat increases with temperature greatly,
E . indicating that the temperature impacts the spe-

NN cific heat more strongly than mass fraction of
nanoparticle. The specific heat reduction ratio
of the 0.05 wt.% hybrid nanofluid decreases
from 4% at 20 °C to 1% at 70 °C, respectively,
displaying amplitude drop of up to four times.
15 20 25 30 35 40 45 50 55 60 65 70 75 Similarly, the specific heat reduction ratio of
Temperature [°C] 0.15 wt.% hybrid nanofluid diminishes from
Figure 7. Influence of temperature on specific 7% at 20 OC to 2% ?t .70 OC.’ I. €. drop ampli-
heat reduction ratio of the hybrid nanofluid tude of 3.5 times. This is mainly due to the fact
that nanoparticles change the microstructure of
the base liquid [24], and the micro-motion of the nanoparticles is greatly enhanced at a higher
temperature, thereby improving the internal energy of the hybrid nanofluid.

C = N W k2 O dO N 0 ©
T T
.

Comparison of specific heat between single
nanoparticle and hybrid nanofluids

Figure 8 contrasts the specific heats of the hybrid and the single nanoparticle
nanofluids, GO-water nanofluid and Al,Os-water nanofluid, with the same mass fraction na-
noparticles of 0.1%. It indicates all specific heat capacities increase with temperature. The
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hybrid nanofluid has the highest specific heat s

after water. However, the differences among = e . -
the specific heat of nanofluids are not large, o a150r I |
maximum difference of 1.33% at 20 °C. This is £ 4100} f — i -
due to the specific heat capacity of the GO be- £ 4050} I 1
ing close to that of the alumina nanoparticle, 3§ 40l i
and the fact that the concentration of the * i i 1

L . 3e50}
nanofluid is very dilute. i

el 1| [ETAEES

Experimental fitting of the specific heat 3850l —a— 0.1 wt.% Hybrid nanofluids
of hybrid nanofluid 3800 —=— Water

The microscopic state of the base fluid is 030 40 1?0 6o 10
. . R . . emperature [°C]
disrupted when the nanoparticle is dispersed in-

to it. For nanoparticles, the free surface of the Figure 8. Specific heat of single nanoparticle
nanoparticle turns into a non-free surface due to and hybrid nanofluids

the binding of liquid molecules [48]. The sur-

face free energy accounts for a large proportion of the system energy due to the large specific
surface area, which will greatly affect the specific heat capacity of the nanofluid. Moreover,
the structure of the liquid also changes with the addition of the nanoparticles [24], and a part
of liquid molecules are coated on the surface of the nanoparticles to form a liquid layer in
which the arrangement of the liquid molecule changes, and the free energy state is changed.
There are currently mathematical models based on classical mixing theory for calculating the

specific heat of hybrid nanofluids. One was proposed by Ho et al. [23] as:
pnfcp,nf = ¢np1pnp1Cp,np1 + ¢np2pnp2cp,np2 + (1 - ¢np1 - q)npz )pbep,bf (8)

where subscripts npl and np2 are two kinds of nanoparticles, ¢ — the volume fraction, and p
[kgm] — the density.
Sundar et al. [49] used the following equations

_ (C p,npl)Wnpl + (C p,an)Wan

C 9
PP Wnpl + Wnp2 ( )
Cp,nf = (DCp,np + (1 - ¢)Cp,bf (10)

where W is the mass fraction. The relation between mass fraction and volume fraction is given
[48]:

¢:
prf + pnp (1 _W)

The specific heat capacity of GO is approximately equal to that of graphene 790
J/kgK [50], the density of GO is 2.63 g/cm?, the specific heat capacity of alumina is 773
J/kgK, and the density of alumina is 3.6 g/cm® [51]. The calculated values according to egs.
(8) and (10) and the experimental values at 30 © C were compared in fig. 9. It can be seen that
the results predicted by the two models are almost identical and are larger than the experi-
mental data, with maximum error of 11.2%. This is because the two models only consider the
influence of density and mass fraction on the heat, but do not consider other factors such as
the effect of temperature on the specific heat of the hybrid nanofluid.
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It is known from the experiment that the temperature impacts the specific heat great-
ly. Thus, a new equation, fitted by the experimental data, considering both temperature and
mass fraction of nanoparticle is proposed:

C,; =a+bp+cT +dg? +egl + fT2

jal

(12)

where a, b, ¢, d, e, and f are fitted by the experimental data, and shown in tab. 1, and
T [°C] — the temperature.

Table 1. Parameters in eq. (12)

a b c d e f R2
3918 -218.3 0.006596 3.185e+05 5.278 —5.35e-05 0.9837

Figure 9 shows the comparison between the predicted values by the fitted eq. (12)
and the experimental data. It indicates that this formula can give a precise prediction and has a
very good agreement with the experimental data for wide range of operating temperatures and
nanoparticle concentrations. The maximum error is 0.86%, and the R? is about 0.983.

Conclusions

A GO+ALO; water hybrid nanofluid was prepared and its stability was investigated.
The specific heat of the hybrid nanofluid was measured at the concentration of
0.05-0.1 5 wt.% and temperature of 20-70 °C. The effects of the nanoparticle mass fraction
and temperature on the specific heat capacity of the hybrid nanofluids were studied. Moreo-
ver, a fitted formula of the specific heat of the hybrid nanofluid was proposed based on the
experimental data. The key results of this work are as follows.

The specific heat capacity of the nanofluid decreases with the increase of nanoparti-
cle mass fraction. The mass fraction of nanoparticle affects the specific heat of hybrid
nanofluid more significantly at lower temperature. The specific heat increases with the in-
crease of temperature, which affects the specific heat more significantly than mass fraction of
nanoparticle. The maximum drop amplitude of the specific heat reduction ratio of the hybrid
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nanofluid is up to four times. The specific heat of the hybrid nanofluid is higher than that of
single nanoparticle nanofluids, but the differences among the specific heat of nanofluids are
not very large, with maximum difference of 1.33% at 20 °C. The traditional models of the
specific heat of nanofluids do not predict the specific heat of this hybrid nanofluid, and the fit-
ted formula agrees well with the experimental data, taking into account the effects of mass
fraction of the hybrid nanoparticle and temperature simultaneously.
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Nomenclature

Cpot — base solution specific heat capacity, [Jkg'K™] T2 —standard sample temperature, [°C]
Cpnt — nanofluids specific heat capacity, [Jkg 'K™'] T3 — the mixing temperature, [°C]

Mi  —nanofluid sample of mass, [g] w —mass fraction, [-]

M2 —standard sample of mass, [g]

Qi —released heat by hybrid nanofluid, [J] Greek symbols

Q2 —absorbed heat by deionized water, [J] o0 —relative error

QL - heat loss, [J] p — density, [kgm™]

Ti1  —nanofluid sample temperature, [°C] @ — volume fraction, [-]
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