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Study of the Thermal Effectiveness of Laminar
Forced Convection of Nanofluids for Liquid

Cooling Applications
Leyuan Yu and Dong Liu

Abstract— Recent theoretical studies show that the convective
thermal performance of nanofluids in cooling applications
depends crucially on the effective thermophysical properties
and, if the performance comparisons are made under different
flow constraints, contradictory conclusions can be drawn
regarding the effectiveness of the same nanofluid. In this
paper, an experimental study is reported on the laminar forced
convection of Al2O3-water and Al2O3-polyalphaolefin nanofluids
through a circular minichannel. With the experimental data, the
thermal effectiveness of nanofluids is evaluated using various
forms of figure of merit under three typical flow constraints, such
as: 1) constant flow rate; 2) constant Reynolds number; and 3)
constant pumping power. Although nanofluids enhance convective
heat transfer, the results show that their thermal effectiveness
is adversely offset by the combined effects of increased viscosity
and lower specific heat. In particular, if a convective liquid
cooling system is constrained by the constant pumping power
condition, there will be essentially no difference in the overall
effectiveness between nanofluids and the base fluid when both
the thermal and hydrodynamic performances are considered.

Index Terms— Electronics cooling, forced convection,
microchannel, nanofluids, polyalphaolefin.

NOMENCLATURE

A Channel cross-sectional area, m2.
cp Specific heat, kJ/kg·K.
D Channel diameter, m.
f Friction factor.
h Heat transfer coefficient, W/m2·K.
k Thermal conductivity, W/m·K.
L Length of test tube, m.
ṁ Mass flow rate, kg/s.
Mo Mouromtseff number.
Nu Nusselt number.
p Pressure, Pa.
P Pumping power, W.
Pr Prandtl number.
q Heat transfer rate, W.
q ′′ Heat flux, W/m2.
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Re Reynolds number.
Q Volumetric flow rate, m3/s.
T Temperature, ◦C.
u Velocity, m/s.
x Streamwise location, m.

GREEK SYMBOLS

φ Volume concentration.
μ Viscosity, N·s/m2.
ρ Density, kg/m3.

SUBSCRIPTS

b Base fluid.
f Fluid.
in Inlet.
out Outlet.
p Particle.
w Wall.
x Local.

I. INTRODUCTION

AS A NEW type of functional thermal fluid, nanofluids
are formulated by dispersing nanoparticles (∼100 nm or

smaller in diameter) into a conventional heat transfer fluid
of low thermal conductivity, i.e., a base fluid, such as water,
mineral oil, ethylene glycol, and so on. It was hypothesized
that the addition of nanoparticles will drastically improve the
effective thermal conductivity of the mixture, thus making
the nanofluids a promising candidate for high-performance
coolant in a variety of applications including electronics cool-
ing and thermal processing of materials [1]–[3]. Past studies
confirmed that single-phase forced convective heat transfer can
be enhanced by nanofluids [4]–[9], however, their adoption for
real-world cooling applications cannot be established solely
from a heat transfer perspective (i.e., the efficacy) [10], [11].
Other concurrent issues, such as the hydrodynamic characteris-
tics, must be considered to determine the overall performance
of nanofluids, particularly, their thermal effectiveness with
regard to the base fluids.

The convective thermal performance of nanofluids depends
crucially on the effective thermophysical properties, among
which, the thermal conductivity determines the heat transfer
capability from the heating source, and the specific heat
determines the ability to store and move heat away from the
cooling device [12]. For nanofluids, the thermal conductivity
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1694 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 3, NO. 10, OCTOBER 2013

is enhanced but the specific heat is adversely reduced with
respect to that of the base fluid. Therefore, in forced con-
vection through a channel under constant heat flux bound-
ary conditions, the use of nanofluids will simultaneously
reduce the temperature difference between the heating wall
and the fluid (because of higher thermal conductivity) and
increase the local mean temperature of the fluid (because of
lower specific heat) [13]. Another problem with nanofluids
is that the increased viscosity requires a higher pumping
power to sustain sufficient coolant flow in the cooling device
[14]–[17]. Prasher et al. [18] showed that the increase in the
viscosity of nanofluids should be less than four times the
increase in thermal conductivity to yield the same convective
heat transfer coefficient as the base fluid with a comparable
pressure drop; otherwise, the nanofluids will underperform.
Furthermore, Bergman [13] demonstrated that the thermal
performance of nanofluids was coupled to the channel length
and the mass flow rate, and that a particular nanofluid, which
may be efficient for one application, can be a poor choice for
a different one. The exergetic analysis done by Singh et al.
[19] also showed that the thermodynamic effectiveness of
nanofluids in forced convection heat transfer was strongly
related to the channel size, and it was beneficial to use
nanofluids in conventional channels with laminar flow and in
microchannels with turbulent flow.

The literature survey suggested a systematic evaluation of
the thermal performance of nanofluids was a rather com-
plex process. It is further complicated by the lack of well-
defined evaluation criteria. Various forms of figure of merit
(FOM) from past studies of traditional coolants are used
to evaluate nanofluids [13], [20]–[22], however, there is not
much common ground among these FOM parameters for
a collective cross examination. In addition, the disparity in
the flow constraints imposed on the thermal performance
evaluation makes it difficult to compare the results from
different researchers. Yu et al. [23] addressed this issue by
comparing the convective heat transfer of nanofluids relative to
the base fluid under three flow constraints, such as: 1) constant
flow velocity; 2) constant Reynolds number; and 3) constant
pumping power. They found that the constant pumping power
comparison offers the most consistent assessment, the constant
flow velocity comparison is accurate as far as the pumping
power is negligible with regard to the total power consumption,
but the constant Reynolds number comparison should not
be used because it completely misses the pumping power
penalty caused by maintaining the same Reynolds number in
the nanofluids as in the base fluid. Moreover, most of these
evaluation studies are limited to theoretical and numerical
analyses without sufficient experimental validation. Therefore,
the suitability of nanofluids as a candidate coolant for liq-
uid cooling applications remains ambiguous, and sometimes,
controversial.

This paper aims at providing a comprehensive thermal
performance assessment of nanofluids to engineering
practitioners in selecting suitable coolants for liquid cooling
applications. An experimental investigation of single-phase
laminar forced convection is first conducted for Al2O3-
water and Al2O3-polyalphaolefins (PAO) nanofluids in a

circular minichannel. With the experimental data, the thermal
effectiveness of nanofluids are critically evaluated using four
different FOM definitions under three flow constraints, such
as: 1) constant flow rate; 2) constant Reynolds number; and
3) constant pumping power.

II. PREPARATION OF NANOFLUIDS

In this paper, two types of nanofluids are studied, including
aqueous Al2O3-water and nonaqueous Al2O3-PAO nanoflu-
ids [8], [9]. The Al2O3-water nanofluids are synthesized in-
house by dispersing γ -phase alumina nanoparticles of 40-nm
nominal diameter in deionized water. To stabilize the Al2O3-
water nanofluids, trace amount of nitric acid is first added to
adjust the pH value to 3.0. Then, the nanofluid suspension is
homogenized with a high-shear homogenizer (Barnant Model
700-5400) as well as with an ultrasonicator (Biologics 150
VT). The Al2O3-PAO nanofluids are provided by METSS
Corporation and are used without further treatments. The
nanoparticle volume concentrations are 1, 2, 3.5, and 5 v%
for Al2O3-water nanofluids, and 0.65 and 1.3 v% for Al2O3-
PAO nanofluids, respectively. All nanofluid samples are found
stable without precipitation for at least seven days during the
experiment period. The effective nanoparticle sizes measured
by a dynamic light scattering instrument (Malvern NanoZS)
are 135 nm for Al2O3-water nanofluids and 60 nm for Al2O3-
PAO nanofluids.

III. EXPERIMENTS

A. Thermophysical Properties

Thermophysical properties that are crucial to convective
heat transfer include the following: 1) density ρ; 2) specific
heat cp; 3) viscosity μ; and 4) thermal conductivity k. In this
paper, the effective density and the effective specific heat of a
nanofluid are estimated as [8] follows:

ρ = φ · ρp (T ) + (1 − φ) · ρb (T ) (1)

cp = φ · [ρp (T ) cp,p (T )
] + (1 − φ) · [ρb (T ) cp,b (T )

]

ρ (T )
.

(2)

The effective viscosity of nanofluids is measured with a cap-
illary viscometer (Cannon-Ubbelohde 9721-R53). It is found
that the results for Al2O3-water nanofluids follow closely the
Batchelor equation [24] as follows:

μ = μb (T )
(

1 + 2.5φ + 6.2φ2
)

(3)

and the data for Al2O3-PAO nanofluids can be correlated by
an empirical expression [9] as follows:

μ = μb (T )
(

1 + 13.67φ + 185.42φ2
)

. (4)

Clearly, the increase in viscosity is much more significant for
Al2O3-PAO nanofluids than that for Al2O3-water nanofluids.
While the exact reason is unknown, it may be because the flex-
ible alkyl branching groups on PAO’s backbone chain render
the polymer molecules in amorphous disorder, thereby causing
stronger interaction between PAO and the nanoparticles.
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Fig. 1. Effective thermophysical properties of nanofluids (shown as the
ratio to those of the base fluids). (a) Al2O3-water nanofluids. (b) Al2O3-PAO
nanofluids.

The effective thermal conductivity of nanofluids is measured
with a thermal property analyzer (KD2 Pro). The measure-
ments of Al2O3-water nanofluids are found to follow the
Buongiorno correlation [8], [25]

k = kb (T ) (1 + 4.5503φ) (5)

and the data for Al2O3-PAO nanofluids can be represented by
an empirical correlation [9]

k = kb (T ) (1 + 7.6661φ) . (6)

In (1)–(6), the temperature dependence of the thermophysical
properties of nanofluids is considered via that of the base fluid
[14], [26].

Fig. 1 shows the effective thermophysical properties of
the nanofluids normalized against the corresponding ones

Fig. 2. Schematic view of the experimental apparatus.

of the base fluid. Thermal conductivity, dynamic viscosity,
and density all exceed those of the base fluids. For Al2O3-
water nanofluids, the increase in thermal conductivity is more
pronounced than the increase in viscosity. For Al2O3-PAO
nanofluids, the increase in viscosity is drastically higher than
the thermal conductivity enhancement. In contrast, a reduction
can be observed in the specific heat for both nanofluids.

B. Experimental Apparatus and Procedures

The experimental apparatus is shown in Fig. 2, which
consists of the following: 1) a reservoir tank; 2) a gear pump
(IDEX Micropump 67-GA-V21); 3) a turbine flow meter
(McMillan G111); 4) a test tube; 5) a dc power supply
(Dynatronix CRS12-200); 6) a liquid–liquid heat exchanger
(Lytron LL520G14); and 7) an air-cooled chiller (Neslab
MERLIN 25). Readings of the flow rate, temperature, and
pressure measurements are collected by a data acquisition
system (Agilent 34970A) and processed in a computer.

The test tube is a circular minichannel made of stainless
steel, which measures 1.09 mm in inner diameter and 0.25 mm
in wall thickness. The total length is 306 mm (L/D = 281). The
test tube is resistively heated by passing a dc current through
it. The voltage drop across the channel is measured directly by
the data acquisition system, and the current measured using
a shunt resistor. The outer wall temperatures of the test tube
are measured at six axial locations using copper-constantan
(T-type) thermocouples (Omega 5TC-TT-T40-36), which are
equally spaced with an interval of 44 mm (TC1–TC6). Tem-
perature readings from the thermocouples are extrapolated to
yield the local temperatures at the inner wall. To minimize
heat loss to the ambient, the test tube is heavily wrapped with
thermal insulating materials. The test tube is connected to the
flow loop with two plexiglass connectors. Two thermocouple
probes (Omega TMT IN-020G-6) are used to measure the
fluid temperatures at the inlet and outlet of the channel. Two
absolute pressure transducers (Omega PX319-050A5V and
PX319-030A5V) are installed for measuring the pressure drop
across the minichannel.

The nanofluid sample is freshly prepared before each exper-
iment. During the experiment, the power input to the test tube
is maintained at a constant level that yields a heat flux of
q ′′ = 6.5 kW/m2, and the flow rate is first set to a maximum
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value, and gradually decreases in small decrements for the
subsequent tests. After the flow rate, temperature and pressure
signals stabilized, the data are read into the data acquisition
system. Each steady-state value is calculated as an average of
at least 100 readings for all measured parameters.

C. Data Reduction

1) Pressure Drop: The Reynolds number, Re, and the Darcy
friction factor, f , are defined as follows:

Re = ρu D/μ (7)

f = (�p/L)

ρu2/2
(8)

where �P in (8) is the pressure drop across the channel length
and is calculated by subtracting the inlet and outlet pressure
losses from the measured overall pressure drop [27].

2) Heat Transfer: The wall heat flux is calculated from the
sensible heat gain by the fluid as follows:

q ′′ = ρQcp
(
T f,out − T f,in

)
/A (9)

where the fluid properties are evaluated at the mean tempera-
ture

T̄ f = (
T f,in + T f,out

)
/2. (10)

The local convective heat transfer coefficient is defined as
follows:

h (x) = q ′′/[
Tw (x) − T f (x)

]
(11)

where the local wall temperature Tw is extrapolated from the
temperature reading of Tw,o obtained at the outer wall of
the minichannel by considering the radial conduction through
the thickness of the test tube [28]. Assuming the local fluid
temperature follows a linear profile along the channel length,
T f is calculated from the energy conservation equation as
follows:

T f (x) = T f,in + q ′′π D x
/(

ρQ cp
)
. (12)

Similarly, the average heat transfer coefficient is determined
from the following:

h̄ = q ′′/[
T̄w − T̄ f

]
(13)

where the average wall temperature is T̄w =
[∑5

i=1 Tw (i)
]
/5.

The Nusselt number can be calculated as follows:

Nu = h · D

k
. (14)

This definition applies for both the local and average Nusselt
numbers.

D. Measurement Uncertainties

The temperature measurement uncertainty is ±0.3 ◦C. The
uncertainty in the flow rate measurements is 1% of full scale.
The uncertainty associated with the pressure transducers is
2% of full scale. A standard error analysis [29] revealed the
uncertainties in the reported friction factor and heat transfer
coefficient were in the range of 5.8%–28.9% and 2.2%–9.6%
for Al2O3-water nanofluids, and in the range of 5.2%–13.8%
and 1.6%–3.5% for Al2O3-PAO nanofluids, respectively. For
all experiments, the maximum measurement uncertainty is for
the lowest Re, and as Re increases, the uncertainty quickly
drops to the lower bound.

IV. SELECTING CRITERIA OF COOLANTS

The convective heat transfer and hydrodynamic perfor-
mances of a coolant depend critically on its thermophysical
properties [30]. For instance, the thermal conductivity defines
the coolant’s capability to transfer heat from a heat source into
the coolant; the specific heat represents the coolant’s ability to
store thermal energy and to carry heat away per unit mass, and
the viscosity is related to the flow resistance that determines
the system pressure drop and the required pumping power to
enable cooling. In general, a good coolant would possess high
thermal conductivity and specific heat but low viscosity.

Various forms of FOM were introduced in the literature to
evaluate the thermal performance of a candidate coolant. The
first one was the Mouromtseff number (Mo) [31]

Mo = ρakbcd
p

μe
(15)

where the exponents a, b, d, and e can be found from appro-
priate heat transfer correlations [11]. For a fully developed
laminar flow, Mo is simply the thermal conductivity of the
fluid. As Mo is a dimensional parameter, its difficult to use
in assessing the relative thermal performance of synthetic
coolants (such as nanofluids) with regard to the corresponding
base fluids. A more convenient FOM is the ratio of convective
heat transfer coefficient of the coolant over that of the base
fluid [20], [23]

(FO M)h = h/hb (16)

where the heat transfer coefficient h is related to the Nusselt
number Nu by (14). For a fully developed laminar flow under
constant wall heat flux conditions [28], Nu = 48/11, it follows:

(FO M)h = k/kb. (17)

For a turbulent flow, the Dittus–Boelter equation can be used
to estimate h, h = 0.023Re0.8 Pr0.4 (k/D), which leads to the
following:

(FO M)h = (ρ/ρb)
0.8 (

cp/cp,b
)0.4

(μ/μb)
−0.4

× (k/kb)
0.6 (u/ub)

0.8 . (18)

Equation (18) may be recast in different forms specific to the
flow constraint imposed on the cooling system. For example,
if Re remains constant, i.e., ρu/μ = ρbub/μb, the FOM is as
follows:

(FO M)h = (
cp/cp,b

)0.4
(μ/μb)

0.4 (k/kb)
0.6 . (19)

Similar expressions of (FO M)h can be obtained for con-
stant flow velocity (u = ub) and constant pumping power
(ρ0.75u2.75μ0.25 = ρ0.75

b u2.75
b μ0.25

b ) conditions [23].
An alternative FOM, which is also based on the heat transfer

performance, is defined as the ratio of the maximum overall
temperature difference (i.e., the difference between the wall
temperature at the channel exit and the fluid temperature at
the channel inlet) of the nanofluid to that of the base fluid
[13], [21], [32] as follows:

(FO M)T = 1 −
(
Tw,o − Tin

)

(
Tw,o − Tin

)
b

. (20)
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For laminar flow through a circular channel with constant heat
flux conditions, it is shown that [13]

(FOM)T = 1 −
[(

1
h(φDL) +

(
1

ṁcp

))]

[(
1

h(φDL) +
(

1
ṁcp

))]

b

. (21)

In practical cooling applications, while the primary goal is
to enhance heat transfer, it becomes more and more important
to minimize the pumping power consumption required to
enable the cooling performance. This is necessitated by the
ever-increasing energy prices as well as the limits of battery
technologies in portable electronics that demand the cooling
solutions to be as power-efficient as possible [10]. Therefore,
it is proposed that the FOM be defined as [30]

(FO M)P = [(
cph/P

)]
/
[(

cph/P
)]

b (22)

where the pumping power P is P = �p · Q for an incom-
pressible fluid, and the pressure drop can be obtained from
(8): �p = f (L/D)

(
ρu2/2

)
. For a fully developed laminar

flow under constant wall heat flux conditions, f = 64/Re and
Nu= 48/11, (22) can be rearranged to yield the following:

(FO M)P = (μ/μb)
−1 (k/kb)

(
cp/cp,b

)
(u/ub)

−2 . (23)

For a turbulent flow, f = 0.316/Re0.25 and h = 0.023Re0.8 ×
Pr0.4 (k/D), (FO M)P becomes as follows:

(FO M)P = (ρ/ρb)
0.05 (μ/μb)

−0.65 (k/kb)
0.6

× (
cp/cp,b

)1.4
(u/ub)

−1.95 . (24)

Similarly, (23) and (24) can be manipulated for the prescribed
flow conditions (such as constant Re, constant Q, or constant
P) to arrive at specific (FOM)P expressions. Other forms
of FOM are also used to account for the offsetting effects
of the increased pumping power consumption against the
heat transfer enhancement brought forth by the coolant [18],
[22]. For instance, Garg et al. [22] compared the thermal
effectiveness of the nanofluids using the following:

(FO M)Q = (q/P) / (q/P)b (25)

where q is the heat transfer rate.
To justify the adoption of a nanofluid in the place of the base

fluid for cooling applications, the following criteria should
be met: (FO M)h > 1, (FO M)T > 0, (FO M)P > 1,
(FO M)Q > 1.

V. RESULTS AND DISCUSSION

Here, the measurement results of pressure drop and con-
vective heat transfer of the nanofluids are first presented to
examine their general thermal transport characteristics. With
the experimental data, the thermal performance of nanofluids
is evaluated using the FOM criteria developed earlier.

A. Pressure Drop and Convective Heat Transfer

Fig. 3 shows the measured friction factor of nanofluids as
a function of the Reynolds number. The maximum Re in the
experiments for Al2O3-PAO nanofluids (∼580) is considerably
lower that for Al2O3-water nanofluids (∼2300). This is caused
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Fig. 3. Friction factor versus Reynolds number for (a) Al2O3-water
nanofluids and (b) Al2O3-PAO nanofluids.

by both the high viscosity of Al2O3-PAO nanofluids (refer
to Fig. 1) and the low values of maximum flow rate that
can be achieved for Al2O3-PAO nanofluids without incurring
a prohibitively high pressure drop to damage the pressure
transducers. Therefore, the hydrodynamic entrance lengths
(L+ = 0.056 Re·D) in the experiments of Al2O3-PAO nanoflu-
ids are only a small fraction of the total channel length and,
thus, the developing flow effect is insignificant over the entire
range of Re. The experimental data agree well with predictions
from the Hagen–Poiseuille equation [28] as follows:

f · Re = 64. (26)

For Al2O3-water nanofluids, the fully developed flow behavior
prevails at low to moderate Re. Beyond certain Re (e.g., Re
∼ 1500 for 1 v% nanofluid), the friction factor results start to
deviate from the Hagen–Poiseuille equation, and approach the
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Fig. 4. Local Nusselt number versus x∗ for (a) Al2O3-water nanofluids and
(b) Al2O3-PAO nanofluids. (Heat flux q ′′ = 6.5 kW/m2).

predictions from Shah’s equation for the developing flows [33]

f · Re ≈ 4

(
3.44√

ς
+ 16 + 0.3125/ς − 3.44/

√
ς

1 + 2.12 × 10−4/ς0.2

)
(27)

where ζ = (L/D)/Re. As the nanoparticle concentration
increases, the developing flow behavior becomes more appre-
ciable.

Fig. 4 shows the local Nusselt number as a function of
the nondimensional streamwise location x∗(=x/ (D Re Pr)
for two sample nanofluids: 1 v% Al2O3-water nanofluid and
1.3 v% Al2O3-PAO nanofluid. By and large, the experimental
data collapse onto one single curve in both cases, a clear
indicator of the thermal entrance region characteristics: Nux

takes very large values as x∗ approaches zero, and rapidly
decays toward the asymptotical (fully developed) value, i.e.,
Nu = 4.36. Fig. 4 also shows that the measured Nux data can
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Fig. 5. Evaluation of (FOM)h of Al2O3-water nanofluids presented in terms
of convective heat transfer coefficient using different bases of comparison
(a) Q-based, (b) Re-based, and (c) P-based (heat flux q ′′ = 6.5 kW/m2).

be reasonably correlated by the Shah–London equation [34]
as follows:

Nux

=

⎧
⎪⎪⎨

⎪⎪⎩

1.302/ (x∗)1/3 − 1 for x∗ ≤ 0.00005
1.302/ (x∗)1/3 − 0.5 for 0.0005 ≤ x∗ ≤ 0.0015
4.364 + 8.68 (1000x∗)−0.506 for x∗ ≥ 0.0015

× e−41x∗
.

(28)
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Fig. 6. Evaluation of (FOM)T of Al2O3-water nanofluids presented in
terms of (Tw,o − Tin ) using different bases of comparison: (a) Q-based and
(b) P-based (heat flux q ′′ = 6.5 kW/m2).

In this paper, overall, the experimental results in Figs. 3 and 4
suggest that Al2O3-water and Al2O3-PAO nanofluids studied
can be treated as well-behaved Newtonian fluids under the
laminar flow condition.

B. Thermal Performance of Nanofluids

Convective thermal performance of nanofluids can be eval-
uated using various FOM criteria previously developed. How-
ever, it must be pointed out that even with the same FOM
criterion, different conclusions may be reached on the suit-
ability of a nanofluid for cooling applications, depending on
the way how the experimental data are presented and inter-
preted. In the literature, three flow constraints were commonly
used as bases in comparing the heat transfer performance
of nanofluids with the base fluid, such as: 1) constant Re;
2) constant Q; and 3) constant P [20], [35], [36]. These three
flow conditions are closely related, and may differ significantly

from one another, depending on the thermophysical properties
of the fluid. For instance, in the constant Re comparison, the
flow rate (velocity) ratio of the nanofluid over the base fluid
is as follows:

(Q/Qb)Re = (ρ/ρb)
−1 (μ/μb) (29)

whereas in the constant P comparison, the flow rate ratio for
fully developed laminar flow becomes as follows:

(Q/Qb)P = (μ/μb)
−1/2 . (30)

From Fig. 1(a), the viscosity ratio μ/μb for Al2O3-water
nanofluids follows essentially the same trend line of the
density ratio ρ/ρb, i.e., (μ/μb) ∼ (ρ/ρb). Hence, according
to (29), (Q/Qb)Re remains approximately unity, in other
words, the constant Re basis is equivalent to the constant Q
basis for Al2O3-water nanofluids. For Al2O3-PAO nanofluids,
however, Fig. 1(b) shows that μ/μb always exceeds ρ/ρb

and therefore, (Q/Qb)Re > 1. It can be further deduced
from (30) that (Q/Qb)P < 1 for both nanofluids, because
of the increased effective viscosity. Therefore, the actual
velocity ratio of the nanofluid with regard to the base fluid
can be very dissimilar under different flow constraints.
As the convective heat transfer of nanofluids is governed
by thermally developing flow (as shown clearly in Fig.
4), it is not surprising that different or even contradictory
conclusions may be drawn on thermal performance of the
same nanofluid if the comparisons are not made under the
same flow condition [20], [23], [37]. In this paper, the thermal
performance of each nanofluid is evaluated using all three
bases (i.e., constant Q, constant Re, and constant P) to ensure
a fair and comprehensive comparison against the base fluid.

Fig. 5 shows the (FO M)h evaluation for Al2O3-water
nanofluids. Data are presented in terms of the comparison of
convective heat transfer coefficients, rather than the explicit
values of (FO M)h . The reason is as follows. An FOM is
defined as a normalized parameter with respect to that of the
base fluid. As a quotient, the dividend and the divisor of the
FOM must correspond to identical flow conditions, e.g., when
(FO M)h is evaluated on the constant Q basis, h and hb must
be measured at the same flow rate for both the nanofluids and
the base fluid. Similarly, h and hb must correspond to the same
Re (or P) if constant Re (or P) is chosen as the basis. Strictly
following these procedures will render the experimentation
process very cumbersome, especially when a large amount
of data is needed. In contrast, direct comparison of the
constituent thermal performance parameters provides a more
convenient measure of FOM. For instance, when the trend line
of the measure h data exceeds that of hb , it simply implies
(FO M)h > 1. Accordingly, Fig. 5 shows that nanofluids
outperform the base fluid under all three flow constraints. It is
deduced from Fig. 5(a) that (FO M)h for the 5 v% nanofluid
varies in 1.13–1.18 over the range of flow rate measured. As
discussed earlier, (Q/Qb)Re ∼ 1 for Al2O3-water nanofluids,
i.e., the flow rates of nanofluids are approximately equal to
that of the base fluid at the same Re. Because of this Q-Re
correspondence, the Q-based and Re-based plots are almost
indistinguishable in Fig. 5(a) and (b). For the same reason,
only the Q-based results will be reported for Al2O3-water
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Fig. 7. Evaluation of (FOM)P of Al2O3-water nanofluids presented in terms
of cph/P using different bases of comparison: (a) Q-based and (b) P-based
(heat flux q ′′ = 6.5 kW/m2).

nanofluids in the subsequent discussion. When P is used as
the basis, Fig. 5(c) shows the data points tend to be less
distinct than in Fig. 5(a) and (b), and they are clustered
together toward the lower range of P , showing (FO M)h of the
nanofluids diminishes when the pumping power consumption
is considered.

Fig. 6 compares the measured Tw,o−Tin as an assessment of
(FO M)T for Al2O3-water nanofluids. Clearly, the lower the
values of Tw,o−Tin , the more effective is the fluid in removing
heat from the system [38]. In Fig. 6(a), the nanofluids do
improve the heat transfer performance over the base fluid,
however, the enhancement is not as significant as measured by
(FO M)h in Fig. 5(a). The reason can be explained as follows.
As the thermal resistance of a convective cooling device is
defined as R = (

Tw,o − Tin
)
/q , (FO M)T is closely related

to the ratio of the thermal resistance of nanofluid to that of the
base fluid. The overall thermal resistance consists of a convec-
tive component, which is represented by 1/ [h (π DL)] in (21)

(a) 

(b)
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of q/P using different bases of comparison: (a) Q-based and (b) P-based
(heat flux q ′′ = 6.5 kW/m2).

and signifies the fluid’s ability to transfer thermal energy from
the source (depending on k and h), and a caloric component,
which is represented by 1/

(
ṁcp

)
and denotes the fluid’s

ability to transport the energy out of the system (depending on
ρcp). With nanofluids, the convective resistance is reduced as
a result of the enhanced convective heat transfer coefficient,
but the caloric resistance is increased because of the lower
specific heat of the nanofluids. Therefore, this compromise
leads to a lesser degree of enhancement than the case where
the adverse effect of lower specific heat is not considered [as
in Fig. 5(a)]. In addition, for the same reason, Fig. 6(a) sug-
gests there exists an optimal nanoparticle concentration, e.g.,
3.5 v% herein, which would yield the minimum overall
thermal resistance. Fig. 6(b) shows that the use of nanofluids
becomes less appealing when a constant pumping power is
prescribed, where (Q/Qb)P < 1.

Fig. 7 shows the evaluation of (FO M)P for Al2O3-water
nanofluids, which is expressed as the comparison of cph/P .
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Fig. 9. Evaluation of (FOM)h of Al2O3-PAO nanofluids presented in terms
of convective heat transfer coefficient using different bases of comparison:
(a) Q-based, (b) Re-based, and (c) P-based (heat flux q ′′ = 6.5 kW/m2).

The performance parameter cph/P offers a comprehensive
measure of the effectiveness of a fluid for cooling applications,
because it characterizes both the overall heat transfer perfor-
mance (h is the heat removal from the heat source, and cp is
the thermal energy storage in the fluid) and the hydrodynamic
performance (P is the power consumption to overcome the
flow resistance). In Fig. 7(a) and (b), the data for the base
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Fig. 10. Evaluation of (FOM)T of Al2O3-PAO nanofluids presented in terms
of (Tw,o−Tin ) using different bases of comparison: (a) Q-based, (b) Re-based,
and (c) P-based (heat flux q ′′ = 6.5 kW/m2).

fluid and nanofluids of various concentrations all fall on a
single trend line, showing there is essentially no improvement
in (FO M)P by the use of nanofluids. This is plausible from
the thermal effectiveness perspective, because the advantage
of producing higher convective heat transfer with nanofluids is
offset by the disadvantage of the lower specific heat and higher
viscosity of the nanofluids. A scrutiny of Fig. 7(a) shows
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Fig. 11. Assessment of (FOM)P of Al2O3-PAO nanofluids presented in
terms of cp h/P using different bases of comparison: (a) Q-based, (b) Re-
based, and (c) P-based (heat flux q ′′ = 6.5 kW/m2).

that cph/P of the base fluid slightly surpasses that of the
nanofluids at low flow rates, where a higher pumping power
is required to yield the same flow rate for the nanofluids but
the enhancement in heat transfer coefficient is disproportionate
[see Fig. 5(c)]. As the flow rate increases, the difference in
cph/P between nanofluids and the base fluid quickly vanishes,
as the increase in P is compensated by higher h.
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Fig. 12. Assessment of (FOM)Q of Al2O3-PAO nanofluids presented in
terms of q/P using different bases of comparison: (a) Q-based, (b) Re-based,
and (c) P-based (heat flux q ′′ = 6.5 kW/m2).

Fig. 8 shows the comparison of (FO M)Q for Al2O3-
water nanofluids. The performance parameter q/P is in fact
the coefficient of performance of the fluid, i.e., the ratio of
heat dissipation to the pumping power needed to enable the
cooling. The results are very similar to Fig. 7: nanofluids are
modestly outperformed by the base fluid under constant flow
rate condition, whereas their performance is equal to the base
fluid when the pumping power is fixed as constant.
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The thermal performance of Al2O3-PAO nanofluids is eval-
uated using the same group of FOM functions, and the results
are shown in Figs. 9–12. It is shown from the previous
discussion that (Q/Qb)Re > 1 and (Q/Qb)P < 1 in the
forced convection of Al2O3-PAO nanofluids. Accordingly, the
heat transfer enhancement in Fig. 9 is most appreciable when
the convective flow is subjected to the constant Re condition
[Fig. 9(b)] where the actual fluid velocity is higher in the
nanofluids than in the base fluid. Almost no heat transfer
enhancement can be observed under the constant P condi-
tion [Fig. 9(c)] because the benefit of thermal conductivity
enhancement in nanofluids on heat transfer is counteracted by
their reduced flow velocity (Q/Qb)P < 1). The evaluation
of (FO M)T for Al2O3-PAO nanofluids is shown in Fig. 10
with similar trends to that for Al2O3-water nanofluids. The
observed thermal performance of nanofluids can be explained
again by the interplay of the effective thermal conductivity, the
effective specific heat and the flow velocity of nanofluids under
different flow constraints. The (FO M)P and (FO M)Q results
in Figs. 11 and 12 resemble those shown in Figs. 7 and 8 for
Al2O3-water nanofluids. When the heat transfer performance
and hydrodynamic performance are considered altogether, the
nanofluids do not exhibit any overall enhancement over the
base fluid and, therefore, the thermal effectiveness of nanoflu-
ids in liquid cooling applications is called into question.

VI. CONCLUSION

An experimental investigation was conducted to study
the thermal effectiveness of Al2O3-water and Al2O3-PAO
nanofluids in laminar forced convection. With the convective
heat transfer and pressure drop measurements, four different
forms of FOM, including (FO M)h , (FO M)T , (FO M)P ,
and (FO M)Q , were critically evaluated for the nanofluids
under three typical flow constraints, such as the following:
1) constant flow rate; 2) constant Reynolds number; and 3)
constant pumping power. The key findings can be summarized
as follows:

1) The effective thermophysical properties play an impor-
tant role in the thermal performance of nanofluids. While
the enhancement in thermal conductivity helps to improve
convective heat transfer, the higher viscosity necessitates more
pumping power to enable the flow, and the reduced specific
heat adds to the caloric thermal resistance that hampers the
heat removal out of the cooling system. All three properties
must be considered in evaluating the thermal effectiveness of
nanofluids for real-world cooling applications.

2) Convective thermal performance of nanofluids depends
on the constraints that are imposed on the flow. Because of the
variation in the effective thermophysical properties, the actual
flow velocity in the nanofluids may be different from that in
the base fluid under the same flow condition, thereby leading
to distinct thermal performance.

3) The FOM evaluation results show that nanofluids appear
meritorious if judged solely from the heat transfer perspective,
however, their overall thermal effectiveness for cooling appli-
cations is doubtful when the hydrodynamic performance and
pumping power consumption are considered. In the latter case,

almost no difference can be found in the thermal effectiveness
between nanofluids and the base fluid when the cooling
applciation is constrained by the pumping power.
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