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An experimental investigation was performed to study the heat transfer performance of a 36 nm-
Al,O3-particle-water nanofluid in a confined and submerged impinging jet on a flat, horizontal and
circular heated surface. The tests were realized for the following ranges of the governing parameters:
the nozzle diameter is 3 mm and the distance nozzle-to-heated-surface was set to 2, 5 and 10 mm; the
flow Reynolds number varies from 3800 to 88000, the Prandtl number from 5 to 10, and the particle
volume fraction is ranging from 0 to 6%. Experimental data, obtained for both laminar and turbulent flow
regimes, have clearly shown that, depending upon the combination of nozzle-to-heated surface distance
and particle volume fraction, the use of a nanofluid can provide a heat transfer enhancement in some
cases; conversely, for other combinations, an adverse effect on the convective heat transfer coefficient
may occur. Within the experimental parameters used, it has been observed that highest surface heat
transfer coefficients can be achieved using an intermediate nozzle-to-surface distance of 5 mm and a 2.8%
particle volume fraction nanofluid. Nanofluids with high particle volume fractions, say 6% or higher, have
been found not appropriate for the heat transfer enhancement purpose under the confined impinging
jet configuration. On the other hand, for a very small and a large distance of nozzle-to-heated-surface, it
has been observed that the nanofluid use does not provide a perceptible heat transfer enhancement and
has, for some particular cases, produced a clear decrease of the convective heat transfer coefficient while

compared to that obtained using distilled water.

© 2008 Elsevier Masson SAS. All rights reserved.

1. Introduction

With a substantial increase of the power of the actual high
performance microprocessors and various electronic components,
considerable research efforts were deployed in the past few years
in order to improve the heat transfer capabilities of those compo-
nents. In spite of these efforts, cooling of high power electronic
components still constitutes a rather challenging task (see in par-
ticular Leslie [1] and Nakayama [2]). In recent years, breakthroughs
in manufacturing processes have permitted the creation of solid
particles down to the nanometre scale, which in turn has resulted
in the birth of a new and rather special class of fluids, named
‘nanofluids’, Choi [3]. These fluids seem to constitute a very in-
teresting alternative for electronic cooling applications, Lee and
Choi [4]. The term ‘nanofluid’ usually refers to a mixture com-
posed of a saturated liquid where extremely fine nanoparticles are
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in suspension. To date, many nanoparticles dispersions of engineer-
ing interest are readily available from different commercial sources
(see, for example, Nanophase Technologies [5]).

From a relatively limited amount of experimental data (see in
particular Masuda et al. [6], Wang et al. [7], Chon et al. [8], Choi
et al. [9], Eastman et al. [10], Roy et al. [11] and Angue Mintsa
et al. [12]), it has been found that nanofluids generally possess
thermal conductivities well higher than those of the base flu-
ids. Some scarce experimental works (Pak and Cho [13] and Li
and Xuan [14]) and numerical results (Maiga et al. [15] and Roy
et al. [16]) have clearly assessed the heat transfer enhancement
capability of these nanofluids in two particular confined flow situ-
ations, namely the flow inside a uniformly heated tube and the
radial flow between heated disks. Such an advantageous effect
of using nanofluids instead of conventional fluids for cooling of
high heat output microprocessors has also been investigated both
numerically and experimentally as well; see for example, Maré
et al. [17] and Nguyen et al. [18,19]. It is worth noting that a use of
nanofluids has its own drawbacks. In fact, it has been experimen-
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Nomenclature

A area of the heated exposed surface................ m?
Cp fluid specific heat................ccciiviiiin... J/kgK
d; diameter of the orifice.........................ol m
h surface heat transfer coefficient.............. W/m? K
k fluid thermal conductivity ..................... W/mK
m mass flow rate ...........ccoooiiiiiiiiiiiiiiii.. kg/s
Nu Nusselt number, Eq. (5)

Qelectric  €lectric power input.............covvvivinennnnnnn.. Y
Re flow Reynolds number, Eq. (4)

Tri fluid inlet temperature..............ccevveenn.. Kor °C
Tfm fluid average temperature ..................... K or °C
Tro fluid outlet temperature....................... K or °C

Ts surface temperature ............cooeevvnnnnnn.. Kor °C
Greek symbols

" fluid dynamic viscosity..............cevveun.... kg/ms
0 fluid density .......c.ooveeeeeieiiiieiaeenn.. kg/m3
¢ particle volume fraction

Subscripts

bf refers to the base fluid

nf refers to the nanofluid

p refers to nanoparticles

tally found that with the presence of the nanoparticles within the
base fluids, the dynamic viscosity of the resulting mixtures clearly
increases drastically compared to that of the base fluids, see, for
example, Masuda et al. [6] and Nguyen et al. [20]. Furthermore, it
has also been observed that under the heating effect, the so-called
‘hysteresis phenomenon’ may occur on nanofluid viscosity (Nguyen
et al. [20]). Finally, it should be mentioned (Keblinski et al. [21])
that there is a clear lack of data regarding the nanofluids behavior
in real thermal applications and some other important issues; for
example, the long term effects due to the temperature on the sta-
bility and suspension of these special mixtures remain unknown.
With respect to the problem under study that is the heat trans-
fer and fluid flow of an impinging jet, there are numerous works,
both experimental and numerical, which consider such a problem,
see in particular the most recent studies [22-26]. A partial review
of relevant works and studies may be found in Lee et al. [27] and
Katti and Prabhu [28]. In these studies, both analytical/numerical
and experimental, different jet configurations such as planar jet
and slot jet, and various conditions such as confined jet and free
jet, have been investigated. The following brief but exhaustive re-
view is focused on some pertinent and relevant works close to the
configuration under study. In particular, Baonga et al. [22] have
measured local temperature and velocities profiles within a free
liquid jet impinging on a circular horizontal heated disk using a
laser induced fluorescence technique and image processing. They
have also established the radial distribution the local heat transfer
coefficient by solving the inverse heat conduction problem. Their
data and results obtained for the average Nusselt number show
that the influence of the nozzle-to-heat exchange surface spacing
is light, and the Nusselt number clearly increases with nozzle di-
ameter for the same Reynolds number. They also found that the
evolution of the local heat transfer coefficient depends on the liq-
uid flow rate. Xu and Galada [23] have developed an iterative and
sequential inverse heat transfer analysis and, by implementing it
into a two-dimensional finite element program, have thoroughly
studied the heat transfer of water impinging jets in an industry
scale test facility. Their results have shown that the heat transfer
behavior at the stagnation point is mainly affected by the wa-
ter temperature and hardly affected by water flow rate with mild
effect from steel grade. Lin et al. [24] have experimentally inves-
tigated both the transient and steady-state cooling performance
of a horizontal heat sink with a confined slot jet impingement.
From their results obtained for both forced and mixed convec-
tion regimes show that effects of all the influencing parameters
on the distribution of the normalized Nusselt number are not sig-
nificant; two empirical correlations were proposed for computing
the Nusselt number. Li et al. [25] numerically studied a 2-D lami-
nar confined impinging slot jet and observed the existence of two
different flow patterns, which depend on the flow Reynolds num-

ber, initial conditions, and geometry. Such dual solutions, verified
by flow visualization, have been found to significantly affect the
heat transfer. On the other hand, the flow and heat transfer in two
planar impinging jets were investigated using Large-Eddy simula-
tion and experiments by Akiyama et al. [26]. Their results and data
have shown that forced jet results in significant changes to the
flow structure with a rapid development of large-scale vortices in
the shear layers emerging from the nozzle, which does not occur
in an unforced jet. Also, the influence of the forcing raises the lo-
cal Nusselt number in the vicinity of the stagnation line by about
10% compared to that of the unforced case. In their recent numer-
ical study on a 2-D unsteady and confined impinging slot jet, Lee
et al. [27] have found that the critical Reynolds number, beyond
which the flow and thermal fields change their state from steady
to unsteady, depends on the flow Reynolds number and height ra-
tio. Also, the unsteadiness gives tremendous impact on the flow
and temperature fields; different characteristics were found in the
unsteady region compared to those of the steady region. Most re-
cently, Katti and Prabhu [28] have experimentally investigated the
effect of jet-to-plate spacing and Reynolds number on the local
heat transfer distribution in an impinging submerged circular air
jet on a smooth and flat plate. Three regions on the impinging sur-
face were identified based on the flow characteristics of impinging
jet, namely stagnation, transition and wall jet region, where local
heat transfer coefficients are determined. It has been found that
increase in Reynolds number increases the heat transfer at all the
radial location for a given axial position. The existence of the sec-
ond peak of local Nusselt number was found, which is believed
to be due to the laminar-turbulent transition of the flow. Sev-
eral semi-empirical correlations for local heat transfer rates have
been proposed. There exists, to our knowledge, no available exper-
imental data regarding the heat transfer performance of nanofluids
under the geometrical configuration of a confined and submerged
impinging jet.

In the present paper, we have experimentally investigated the
heat transfer behavior of a confined impinging jet in a typical liq-
uid cooling system, by replacing the base fluid (distilled water)
by a nanofluid that is composed of distilled water and 36 nm-
average-diameter-Al, O3 nanoparticles. Three particular nozzle-to-
heated surface distances and two particle volume fractions were
considered. Some significant results, experimental data, and obser-
vations are presented and discussed with emphasis on the heat
transfer behavior of nanofluids.

2. Description of the experimental impinging jet system
The experimental liquid impinging jet system is relatively sim-

ple and consists of a closed fluid circuit, Fig. 1, which is mainly
composed of a 10 litre open reservoir and a high head and all-
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Fig. 1. Schematic illustration of the closed-fluid system used.

plastic magnetically-driven centrifugal pump that ensures a contin-
uous forced circulation of liquid (distilled water or nanofluids). In
order to create a horizontal circular heated surface, a heated block
has been designed, Fig. 2a. This block, a cylindrical all-aluminum
body of diameter 100 mm and overall length of 100 mm, is elec-
trically heated by means of two standard 100 W nominal car-
tridge heaters (Omega, USA), which simulates heat generated by
a high performance microprocessor or an electronic component.
The top circular surface of this block, which is of diameter of
30 mm, is horizontal and mirror-machined. It constitutes the area
on which is impinging the liquid jet that comes from a vertical
nozzle (Fig. 2a). The nozzle diameter is 3 mm, and the vertical
distance between that nozzle and the impacting heated horizon-
tal surface can be set by using three precision mechanical guides.
The nozzle-to-plate distance was carefully set and verified rigor-
ously prior to and also after any test using prefabricated precision
gauges. The whole body of the heated aluminum block is securely
fixed on a thick and heavy wooden base. In order to minimize heat
transmission from this block to its base as well as to other adja-
cent components, two thick Teflon disks are installed, one on the
top around the 30 mm circular surface, and the other one in the
bottom just between the aluminum block and its wooden base,
Fig. 2a. The entire heated aluminum block unit is then thermally
insulated with respect to the surrounding environment by using a
50 mm thick layer of Styrofoam wrapped all around the circum-
ference of the unit, Fig. 2b. In order to create a confined space
for the submerged jet, a Plexiglass cylindrical reservoir of diame-
ter 125 mm and height of 150 mm has been installed on top of
the upper Teflon disk, Figs. 2a and 2b. This reservoir, which is
open to the atmosphere through a tiny orifice in its cylindrical
cover, was always kept tightly closed in order to avoid any lig-
uid splashing while operating the impinging jet system. On this
reservoir wall, two separate outlet openings, located respectively
at heights of 5 and 35 mm above the upper Teflon disk, offer two
different thicknesses of the liquid layer above the circular heated
surface. A mini air-cooled radiator is used to dissipate heat into
the ambient air and a collecting-weighting station equipped with
a three-way valve has been used for measuring the mass flow rate
of the circulating liquid inside the system. It is worth noting that
the above confined and submerged jet impinging system has espe-
cially been chosen in order to better represent the real system that
exists in electronic cooling practices (see Leslie [1]).

Several Type-K thermocouples (Omega, USA) were installed at
various locations in the liquid system in order to monitor fluid
temperatures. The first one is placed in the fluid inlet pipe to mea-
sure the fluid temperature prior to the nozzle. The second one is
placed in the 10 litre collecting reservoir to monitoring the fluid
exit temperature. The third one, of the ceramic-insulator-type ther-
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Fig. 2. (a) Schematic view of the confined impinging jet system used. (b) Photo
showing the confined impinging jet system used.

mocouple, precisely mounted along the main axis inside a hole of
the aluminum block, was especially chosen to measure the temper-
ature within the solid region in the vicinity of the heated circular
surface; its junction tip is located exactly at the distance 4.5 mm
beneath the heated surface. In order to minimize the thermal
contact resistance between the thermocouple tip and the block,
a thin film of high thermal conductivity grease (Omegatherm 201
from Omega, USA) was applied at their contact interface. Another
Type-K thermocouple has also been used to monitor the ambient
air temperature in the laboratory. All thermocouples were thor-
oughly calibrated by using a constant temperature water bath, and
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Fig. 3. Thermal conductivity data for 36 nm-Al,O3-water nanofluid.

their accuracy has been estimated to be +0.2 K. A multi-channel
digital indicator has been used to display all readings from the
thermocouples.

In order to precisely calculate the total electric power that is
supplied to the cartridge heaters and indirectly, the heat supplied
to the aluminum heated block, both the AC voltage and electric
current were constantly monitored during the tests. It has been
found that the accuracy of the computed electric power can be
estimated to be +3.5%. With regard to the heat losses from the
heated-block-and-base ensemble towards the ambient air, the tem-
perature drop across the insulating Styrofoam layer as well as that
through the bottom Teflon disk has been monitored during every
experiment. And the corresponding total heat loss of the unit can
then be easily estimated, which has been found to be negligible
as it did not exceed, so far 1.5 W, i.e. approximately 1.5% of the
total heat input. Finally, with regards to the measurement of the
mass flow rate, we have adopted, in this study, the conventional
stop-watch-and-weighting technique, by using high precision dig-
ital balance and chronometer; their accuracies are estimated, re-
spectively, 0.1 g and 40.01 s. The maximum variation of the
mass flow rate as determined by such a simple and reliable tech-
nique has been estimated to be 5%, an error that appears quite
reasonable when considering all of the other experimental uncer-
tainties.

2.1. Thermo-physical properties of the Al,03-water nanofluid used

For the nanofluid under study, namely water-Al,03 (36 nm av-
erage particle diameter), by assuming that a constant and uniform
particle volume fraction prevails throughout the fluid circuit, and
knowing the constituent properties, the effective thermo-physical
properties of this nanofluid can then be evaluated using classical
formulas already derived and well known for a two-phase fluid
(see in particular, Xuan and Roetzel [29]). In the following equa-
tions used for computing the nanofluid density and specific heat,
the subscripts p, bf and nf refer, respectively, to the particle, the
base fluid and the nanofluid; @ is the particle volume fraction:

onf =0 =) opr +dp0p (1)
(0 Cpnp =1 =)o -Cplps +&(0-Cp)p (2)

For Al;03-36 nm nanoparticles properties, the following data
are used: density pp, = 3600 kg/m3 and specific heat Cp)p =
773 J/kgK. In particular, regarding the thermal conductivity and
dynamic viscosity, recent experimental data obtained by our re-
search group—data that are specific to the nanofluid under study—
are available. Figs. 3 and 4 show respectively the corresponding

data employed for the nanofluid thermal conductivity and dynamic
viscosity (the complete databases were detailed in Angue Mintsa
et al. [12] and Nguyen et al. [20]). Finally, regarding the thermal
properties of distilled water, they have been evaluated using clas-
sical formulas published in standard textbooks; see for example,
Hagen [30].

2.2. Experimental procedures and data processing

The experimental liquid circuit, Fig. 1, was first thoroughly
checked for possible leaks from various connexions. The system
was then used to perform nearly forty tests using distilled wa-
ter and Al,03-water nanofluid for three different nozzle-heated-
surface distances, namely 2, 5 and 10 mm. For each of these dis-
tances, three different particle volume fractions, namely 0% (i.e.
distilled water), 2.8 and 6%, were considered. It is interesting to
mention that the Al,Os-water nanofluid, with average particle di-
ameter of 36 nm, was purchased readily prepared and mixed from
a commercial source (Nanophase Technologies, USA). Such a mix-
ture appears appropriate for use in thermal applications. At deliv-
ery, the original solution possesses a particle volume fraction of
nearly 22%. In order to create several other solutions with par-
ticular particle fractions from such an original mixture, a proper
diluting process with distilled water combined with a vigorous me-
chanical stirring action has been found sufficient to have a good
particle dispersion and suspension. It is worth mentioning that
since dispersant agents were used by the manufacturer, the sta-
bility of the particle suspension within distilled water seems to
be quite acceptable (at least for particle volume fractions lower
than 6%). It has been observed that even after a relatively long
resting period, say several days to weeks, only a vigorous stirring
action was normally sufficient to properly restore the particle sus-
pension.

From the collected data for the fluid inlet temperature and mass
flow rate, the average surface convective heat transfer coefficient
under the impinging confined jet, h (W/m?K), can easily be de-
ducted from the following heat balance equation:

electric = NA(Ts — T i) =mCp(Tf o — Ty ;) (3)

where (electric 1S the total electric input power, W; m is the mass
flow rate, kg/s; Ts,Tf; and Ty, are, respectively, the average
temperature of the heated surface, the inlet and outlet tempera-
tures of the fluid, K or °C; A is the area of the heated circular
surface, m?; all fluid properties were evaluated at T¢m where
Tfm=0.5(Tf;+Ts,). It should be noted that the surface tem-
perature Tg was not measured, but estimated instead from the
corresponding measured temperature of the solid at the precise
distance of 4.5 mm beneath the heated surface. Since the heated
aluminum block was thermally insulated so that ones can assume
that the one-dimensional heat conduction prevails along the up-
ward axial direction inside the small cylinder below the heated
surface (see again Figs. 2a and 2b). Knowing the total heat input,
the heated surface temperature is then easily computed. Finally, it
is worth mentioning that in order to minimizing errors, the aver-
age surface heat transfer coefficient by Eq. (3) has been calculated
using the values computed for qejectric- SO far, the experimental un-
certainty has been estimated to be +5.5% for the values of the
surface heat transfer coefficient.

For a general presentation of the results hereafter, the follow-
ing definition is introduced for the flow Reynolds number and the
average Nusselt number:

Re=4m/(wd;) (4)
Nu = hd; /k (5)
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where d; is the inside diameter of the nozzle orifice, di =3 mm;
k and w are fluid (distilled water or nanofluid) thermal conductiv-
ity and dynamic viscosity; all fluid properties are evaluated at the
fluid mean temperature Ty ;. It is worth noting that a maximum
uncertainty of +10.5% can be expected for the computed values of
the average Nusselt number.

Finally, it is worth noting that there must be a radial variation
of the heated surface temperature and, consequently, of the sur-
face heat transfer coefficient as well. In the present study, we have
adopted an ‘average’ approach, in which the approximately ‘aver-
aged’ heat transfer coefficient is deduced, using Eq. (3), and know-
ing the total electric power supplied and the estimated ‘pseudo-
averaged’ surface temperature. This approach was motivated by
two main reasons. First, as the heated surface is of a small di-
mension, only 30 mm in diameter, and made from a high ther-
mal conductivity aluminum, and because of the unidirectional heat
conduction inside the heated bloc, it is reasonable to believe that
the solid temperature, at a given axial coordinate, would be nearly
uniform along the radial direction, i.e. the radial gradient of tem-
perature is less pronounced than that along the axial direction.
Hence, the estimated surface temperature at the stagnation point
would approximately represent the ‘averaged’ surface temperature.

Secondly, due to the presence of the heating cartridges installed in-
side the aluminum bloc, it was rather difficult, although we would
like to, to precisely measure local surface and fluid temperatures
along the radial direction in order to assess any variation of the
heat transfer. Such an ‘average’ approach could not give any in-
formation regarding the radial behavior of heat transfer. However,
on a global basis, it is reasonable to believe that the data and re-
sults shown in this paper are physically realistic and give a genuine
portrait of the nanofluid heat transfer behavior in a confined and
submerged impingement jet system.

3. Results and discussion
3.1. Results obtained from tests using distilled water

Due to our specific geometry of the confined impinging jet con-
sidered, it was rather difficult to find out studies that consider a
similar geometry to which a proper comparison can be performed.
The only study that appears to be relatively close to the present
study is the one by Baonga et al. [22]. Fig. 5 shows, in particu-
lar, the measured data as obtained for the average impinging jet
Nusselt number for several tests performed using distilled water.
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For comparison purposes, some corresponding data obtained by
Baonga and colleagues, for 2.2 and 4 mm nozzle diameters, are
also shown, where S indicates the nozzle-to-heated surface dis-
tance. Although all the results have shown a similar trend regard-
ing the increase of the Nusselt number with respect to the flow
Reynolds number, there is obviously a pronounced difference be-
tween the present data and the ones by Baonga and colleagues. In
fact, the present data seem to be consistently higher than the lat-
ter. Such a difference may be explained by two folds. First, Baonga
et al. [22] have considered the case of a free jet impinging on an
open heated surface, while in the present study the impinging jet
flow is confined because of the presence of the Plexiglass reser-
voir. As consequence, in contrast to the radial outward flow found
in their study, we have observed a strong and swirling flow of wa-
ter on the heated surface. Such a swirling effect is believed to be
a key factor that has favorably contributed to the heat transfer en-
hancement found in our case. A second reason that may explain
the occurrence of higher surface heat transfer coefficients in the
present study resides in the fact that Baonga et al. [22] used con-
siderably larger nozzle-to-heated-surface distances (which varied
from 20 to 35 mm) while in our investigation, such a gap distance
was ranging from 2 to 10 mm. Therefore, it is obvious that under a
higher convection effect resulting from a higher fluid impacting ve-
locity in the vicinity of the stagnation zone, a higher surface heat
transfer rate can then be expected as found in Fig. 5. Finally, it is
worth noting that Baonga et al.’s [22] data are concerned with rel-
atively low mass flow rate, the flow Reynolds number remain less
than 10000, while in the present study, this parameter is ranging
from 4000 to nearly 80000 for tests using distilled water.

3.2. Effect of using nanofluid on the surface temperature under
impinging jet

Fig. 6 (a, b, c) shows the results obtained for the temperature
difference AT =Ts — Ty ; (then indirectly, the heated surface tem-
perature) as a function of the mass flow rate and particle volume
fractions; the nozzle-to-heated surface distance was set, respec-
tively, to 2, 5 and 10 mm, and the total heat input was adjusted
to 100 W approximately. One can clearly observe that, in general,
the temperature difference AT has clearly decreased with an aug-
mentation of the mass flow rate. Such behavior is obviously due
to the fact that with increasing mass flow rate, the forced con-
vection effect also increases considerably, which in turn, augments
the heat transfer within the fluid in general. Thus, for a given fluid
inlet temperature, the heated surface temperature would logically
decrease for higher mass flow rate. Such a result has consistently
been observed for water, the two nanofluids (2.8 and 6% of parti-
cle fractions) and three distances nozzle-to-heated surface tested.
With regard to the nanofluid effects on AT relative to that of dis-
tilled water, the results shown have revealed that a use of nanoflu-
ids does not necessary provide a lower value of AT. Thus, for
the case of a 2 mm distance for example, Fig. 6a, one can ob-
serve that, surprisingly, it is distilled water that provides, for a
given mass flow rate, a lowest value. On the other hand, the 6%
particle-volume-fraction nanofluid gives the highest values for AT.
For the 5 mm distance, Fig. 6b, we can observe again that the 6%
nanofluid gives the highest values for AT, while water and the
2.8% nanofluid provide approximately equivalent values for AT.
A similar behavior can be noticed through Fig. 6¢ for the 10 mm
distance. In other words, for the experimental test conditions, the
nanofluid with 6% particle volume fraction seems not to be ap-
propriate for use as a means for the heat transfer enhancement
purpose.
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3.3. Nanofluid heat transfer under a confined impinging jet

In order to better understand the heat transfer behavior of
nanofluids under a confined impinging jet, the results obtained for
the surface heat transfer coefficient (deduced by using Eq. (3)) are
shown on Figs. 7a, 7b and 7c, respectively, for 2, 5 and 10 mm dis-
tances, and this as a function of the mass flow rate and particle
volume fraction.

It is interesting to observe, at first, that the heat transfer coeffi-
cient on the heated surface increases considerably with an increase
of the mass flow rate. Such behavior, observed for both water and
the nanofluids considered, is obviously a direct consequence of an
increasing convection effect under a higher mass flow rate. It is
worth noting that, although a direct comparison was not possi-
ble because of difference in the geometry tested, such behavior
appears quite consistent with Baonga et al.’s [22] data (see again
Fig. 5). This behavior is also found qualitatively concordant while
compared to that observed by Katti and Prabhu [28], although
these authors only provided local heat transfer data. Secondly,
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from the results shown, one may remark that the use of nanofluids
does not always guaranty an enhancement of heat transfer under
the confined impacting jet. In fact, it is apparent that depending
upon the particular combination of the nozzle-to-heated-surface
distance and the particle volume fraction, some heat transfer aug-
mentation can be achieved. However, for other combinations, ad-
verse results, i.e. a decrease of the surface heat transfer coefficient,
have been found. Thus, for the cases with 2 mm distance in par-
ticular (Fig. 7a), distilled water is actually the one that gives, for a
given mass flow rate, highest heat transfer coefficients; in contrast,
for the two nanofluids tested, 2.8 and 6% of particle volume frac-
tions, the heat transfer coefficients remain appreciably lower than
those corresponding to water. Thus, for example, for the particu-
lar mass flow rate m = 0.15 kg/s, the computed values for h are,
respectively, 27 500 W/m? °C (water), 17500 W/m? °C (2.8%) and
15000 W/m?°C (6%), i.e. a drastic decrease of nearly 45% by us-
ing a 6% nanofluid while compared to water. A reverse trend was
found, however, for the nozzle-to-heated-surface distance of 5 mm
(Fig. 7b). In fact, it is very interesting to observe that the 2.8%
nanofluid is now the one that clearly gives highest heat transfer
coefficients, which is followed by water and, in the third place, by
the 6% nanofluid. Again, for the mass flow rate of m = 0.15 kg/s
in particular, the convective heat transfer coefficient h has as val-

ues, 23000 W/m?°C for water, 29000 W/m?°C for 2.8% and
15000 W/m?°C for 6%; thus, an increase of almost 26% by us-
ing a 2.8% particle volume fraction nanofluid over that provided
by water. From the results obtained for 5 mm distance, one may
expect that there exists an optimal particle volume fraction that
would maximize the surface heat transfer. Such an interesting is-
sue will be considered in our future research program. Finally, for
the 10 mm gap distance (Fig. 7c), it is very interesting to observe
that both distilled water and the 2.8% nanofluid have provided
almost the same heat transfer performance: the two correspond-
ing curves are, in fact, nearly superposed on one other, and give
values for h that are clearly higher than the ones obtained by
using the 6% nanofluid. For a mass flow rate m = 0.15 kg/s, for
example, the values of the surface heat transfer coefficient are,
respectively, 20000 W/m? °C for both water and 2.8% nanofluid,
and only 14000 W/m? °C for the 6% nanofluid. Thus, for this par-
ticular nozzle-to-heated-surface distance, it seems that the use of
nanofluids does not provide a perceptible heat transfer enhance-
ment. Finally, it is worth noting that in spite of the experimental
uncertainties and except for only one case involving distilled water,
all the data points, for a specific case, fall close to the correspond-
ing fitted-curve. Such result clearly shows the trends regarding
nanofluid heat transfer behavior.
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Fig. 8. (a) Variation of Nu function of Re and particle volume fraction (2 mm distance). (b) Variation of Nu function of Re and particle volume fraction (5 mm distance).

(c) Variation of Nu function of Re and particle volume fraction (10 mm distance).
3.4. Variation of Nu as function of Re and particle volume fraction

Figs. 8a, 8b and 8c show, respectively, for 2, 5 and 10 mm dis-
tances, the corresponding results obtained for the heated surface
average Nusselt number (Eq. (5)) as a function of the flow Reynolds
number Re (Eq. (4)) and particle volume fraction (it is worth noting
that the definition of the average Nusselt number includes varia-
tions not only of the surface convective heat transfer coefficient
but of the nanofluid thermal conductivity as well). Here again, we
can easily observe the same behavior regarding the dependence of
Nu with respect to the parameter Re and particle volume fraction.
Thus, within the range of the experimental parameters considered,
the use of a nanofluid can conduct to an adverse effect on the heat
transfer in the case of a very small nozzle-to-surface distance, say
for 2 mm distance for example. For the latter, it is clear that using
water would be better after all, Fig. 8a. Such a comment also holds
for a large nozzle-to-surface distance, say for a 10 mm distance,
for example, Fig. 8c. The heat transfer enhancement capability of a
nanofluid is only observed for the case of an intermediate distance,
5 mm in particular (Fig. 8b), and this when combined with a rela-
tively low particle volume fraction, 2.8%. Again, such a heat trans-
fer enhancement appears to be more important for higher mass
flow rates. Finally, for the 10 mm distance (Fig. 8c): very close
values of Nu have been obtained by water and the 2.8% particle
fraction nanofluid, while the 6% nanofluid offers mediocre perfor-

mance. It is interesting to mention that, to our knowledge, the heat
transfer data presented here regarding the use of a nanofluid un-
der a confined impinging jet are believed to be the first of its kind.
The authors hope that these data will contribute to an understand-
ing of the nanofluid thermal behavior in practical application.

In order to create a more generalized presentation of heat
transfer data, we have attempted to regroup them under the form
of Log(Nu/Pr%4) function of the flow parameter, Log(Re) and the
particle volume fraction. Fig. 9 shows such a presentation, in which
each set of results includes all data obtained for the three nozzle-
to-surface distances studied. It is worth mentioning that for the
data shown, the Prandtl number, which is evaluated at the fluid
mean temperature Ty p, varies from 5 to nearly 10. One can ob-
serve that, in spite of some visible dispersion due to experimen-
tal uncertainties and, of course, to a change of the heat transfer
rate with respect to the nozzle-to-surface distance, data for a spe-
cific particle volume fraction seem to follow a certain pattern. The
different straight lines obtained using a standard least-squares ap-
proximation technique show clearly the influence due to the parti-
cle volume fraction. One can expect that within the experimental
parameter ranges tested, such a ‘unified’ presentation as shown on
Fig. 9 may be useful for estimating the surface heat transfer in
various practical thermal applications involving confined imping-
ing jet using nanofluids.
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3.5. Effect of the nozzle-to-surface distance on nanofluid heat transfer
coefficient

From the results shown in Figs. 7 (a, b and ¢) and 8 (a, b,
and c), one can observe, at first, that for distilled water, increasing
the distance from the nozzle to the heated surface has produced
a considerable decrease of the convective heat transfer coefficient.
Thus for Re = 60000, for example, the surface average Nusselt has
as approximate values, 135, 112 and 100, respectively, for distances
of 2, 5 and 10 mm. Such a decrease of the heat transfer coefficient
can be explained by the fact that with a greater distance from the
heated surface and for a given mass flow rate, the fluid velocity
impacting on the heated surface, in the vicinity of the stagnation
zone, would decrease. As consequence, the fluid radial and out-
ward velocity within the boundary layer also decreases. Further-
more, as mentioned before, for the case of a confined impinging
jet as the one under study here, there is a constant swirling flow
due to the presence of a cylindrical shroud surrounding the jet ori-
fice. It has been clearly observed during the experiments that this
swirling flow, which exists for all tests and has, indeed, a favor-
able effect on the surface heat transfer, also decreases in intensity
when the nozzle moves away from the heated surface. As a con-
sequence, the surface heat transfer coefficient has been found to
decrease appreciably with an increase of the distance between the
jet nozzle and the surface.

The effect due to the nozzle-to-surface distance on the heat
transfer appears quite different for the nanofluids considered. Thus
for the 2.8% particle volume fraction nanofluid in particular, see
again Figs. 8a, 8b and 8c, one can see that for Re = 60000,
for example, the average Nusselt number increases from 82 (for
2 mm distance) to nearly 130 (for 5 mm) but decreases to 95
(for 10 mm). For this particular particle volume fraction, in light
of the results obtained, one can expect that there may exist an op-
timal distance that gives the highest heat transfer coefficient. On
the other hand, for the nanofluid with 6% particle volume fraction
and for Re = 40000, for example, the parameter Nu has, as approx-
imate values, 68, 78 and 65, respectively, for the distances of 2, 5
and 10 mm.

3.6. Some explanation regarding nanofluid heat transfer under
a confined, submerged impinging jet

The above heat transfer results under the configuration of
a confined impinging jet have revealed a somewhat surprising
and intriguing behavior of the nanofluids used. In fact, as stated
previously, for some particular combinations of nozzle-to-surface
distance-and-particle volume fraction, an adverse effect, i.e. a de-
crease of the convective heat transfer coefficient may even occur.

In particular, for a small nozzle-to-surface distance, say 2 mm, as
well as for a larger one, say 10 mm, the use of the 36 nm-Al,03-
water nanofluid does not provide any heat transfer enhancement;
only for an intermediate distance, say 5 mm, the use of a low par-
ticle volume fraction nanofluid, 2.8% in particular, has produced a
considerable heat transfer increase, see again Figs. 7b and 8b. Also,
a nanofluid with higher particle volume fraction, say 6% or more,
should be avoided as it does produce worse heat transfer perfor-
mance, according to our data.

Such behavior may appear unusual as it is contrary to the trend
often observed when using nanofluids in thermal applications. In
fact, based on some experimental data available in the literature,
it has been found that for some confined flow situations, the use
of nanofluids has provided a clear heat transfer enhancement (see
in particular Lee and Choi [4], Pak and Cho [13], Li and Xuan [14]
and Nguyen et al. [19]). In spite of the fact that there exists no
general theoretical model available to date that can satisfactorily
explain the heat transfer enhancement capability of nanofluids —
see in particular Xuan and Roetzel [29] and Keblinski et al. [21]
— it is believed that a heat transfer augmentation achieved by us-
ing nanofluids is mainly due to their improved thermal properties
as well as to the thermal diffusion effect, diffusion that is induced
within the base fluid by the Brownian movement of the nanopar-
ticles themselves.

With regard to the present case of a submerged, confined im-
pinging jet and nanofluids heat transfer data, due to the particu-
larity of the geometry considered, we believe that the existence of
a large recirculation fluid zone that is present on top of the ra-
dial outward flow (i.e. the one generated by the impacting fluid on
the heated surface) has an important effect on the nanofluid heat
transfer behavior. In fact, as it can be seen on Fig. 10 that shows an
illustrative view of the internal flow structure inside the Plexiglass
reservoir, such a recirculation zone creates a certain obstruction
for the proper evacuation of the heated fluid itself (unfortunately,
due to nanofluid high opacity, the capture of such a flow struc-
ture, although being observed during the course of experiences,
was not possible). For the cases with a small nozzle-to-surface
distance, 2 mm in particular, as the direct impacting jet affects
only a small area of the heated surface, it is expected that this
recirculation zone may be quite large and occupy a major por-
tion of the liquid layer within the reservoir. Since hot nanofluid
is ‘entrapped’ inside the recirculation zone, it creates an unfa-
vorable effect when interacted with the radial outward flow of
heated fluid located near the reservoir bottom surface. As conse-
quence, the cooling of the heated surface can be reduced. Such
an unfavorable effect may become more pronounced when using a
nanofluid with higher particle volume fraction, because of the fact
that a higher thermal conductivity would result in a higher tem-
perature of the nanofluid parcel trapped inside the recirculation
zone. This can explain a mediocre heat transfer performance found
for the nanofluids tested, in particular for the one with 6% parti-
cle volume fraction (see again Figs. 7a and 8a). For the cases with
5 mm nozzle-to-surface distance (Figs. 7b and 8b), as the nozzle
moves farther from the heated surface (in fact, the nozzle orifice
is approximately at the free surface of the liquid layer), the di-
rect impinging jet now affects a larger area of the heated surface.
The above recirculation fluid zone diminishes both in thickness
and in volume, thus allows a stronger radial outward flow along
the heated surface that, in turn, results in a more pronounced
convection effect. The heat transfer rate hence becomes more im-
portant, at least for the case of 2.8% nanofluid. For the case of
the 6% nanofluid however, which is quite viscous (its dynamic vis-
cosity is twice of that of water near ambient temperature), it is
believed that the resulting fluid flow is much slower that, when
combined with the unfavorable effect due to the recirculation zone
discussed above, it causes a drastic decrease of the surface heat
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Fig. 10. An illustrative view of the internal flow structure inside the reservoir.

transfer rate, i.e. when compared to that of the 2.8% nanofluid and
even to the one of water. Finally, for the case of a large nozzle-to-
heated surface distance, 10 mm in particular, as the nozzle is now
located above the free surface of the liquid layer (the thickness of
such liquid layer is approximately 5 mm), one can expect that the
impacting fluid velocity on the heated surface is considerably de-
creased compared to other cases, and hence the convective heat
transfer is generally reduced. For the same reasons mentioned ear-
lier, the highly viscous 6% nanofluid is again the one that offers
the lowest convective heat transfer rates (Fig. 7c).

The above explanation, although physically plausible, may be
not sufficient to fully explain a large difference observed on heat
transfer coefficients as provided by distilled water and by nanoflu-
ids, in particular by the 6% nanofluid that exhibits a worse heat
transfer performance. Under the condition of a highly turbulent
shear flow as the one studied here, it is plausible to expect that the
particle volume fraction may be no longer uniform in space, but is
strongly dependent on the local pressure and velocity fields (see
in particular, Behzadmehr et al. [31]). For instance, one may ex-
pect that the particle volume fraction could be much higher within
the recirculation zone (Fig. 9) than elsewhere in the liquid layer,
while it may be lower in the vicinity of the heated surface and
other solid walls where high shear stresses are present. Such non-
uniform particle distribution in space may, of course, greatly affect
both heat diffusion and momentum exchange within the fluid it-
self, and thus has a direct impact on the local heat transfer as well
as on the fluid dynamic behavior. More data and research works
are indeed necessary in order to fully understand such rather in-
teresting but somewhat intriguing thermal behaviors of nanoflu-
ids.

4. Conclusion

In the present study, we have experimentally investigated the
heat transfer behavior of a confined and submerged impinging jet
using a nanofluid that is composed of distilled water and 36 nm-
average-diameter-Al,O3-nanoparticle in suspension. The tests were
performed for three different nozzle-to-heated-surface distances,
using water and two particular particle volume fractions; the
Reynolds and Prandtl numbers are ranging respectively from 3800
to 88000, and from 5 to 10. Experimental data, obtained for both
laminar and turbulent regime, have revealed that depending upon
the combination of the nozzle-to-heated surface distance and the
particle volume fraction, the use of nanofluids can provide a clear

heat transfer enhancement in some cases, while for others com-
binations, it may even result in an adverse effect on the surface
heat transfer coefficient. Within the range of experimental pa-
rameters considered, it has been found that highest surface heat
transfer coefficients can be achieved using an intermediate nozzle-
to-surface distance of 5 mm and the 2.8% particle volume fraction
nanofluid. It has also been found that nanofluids with high par-
ticle fractions seem not to be appropriate for the heat transfer
enhancement purpose under the configuration of a confined and
submerged impinging jet. Finally, for the cases with a very small or
a large nozzle-to-surface distance, the present experimental data
have revealed that the use of nanofluids does not provide any heat
transfer enhancement; for some worse cases, a clear decrease of
the surface heat transfer coefficient was even found.
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