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In this experimental study heat transfer and pressure drop behavior of ZnO/water
nanofluid flow inside a circular tube with constant wall temperature condition is in-
vestigated where the volume fractions of nanoparticles in the base fluid are 1% and
2%. The experiments' Reynolds numbers ranged roughly from 5000 to 30000. The
experimental measurements have been carried out in the fully-developed turbulent
regime. The results indicated that heat transfer coefficient increases by 11% and
18% with increasing volume fractions of nanoparticles, respectively, to 1 vol.% and
2vol.% . The measurements also showed that the pressure drop of nanofluids were,
respectively, 45% and145% higher than that of the base fluid for volume fractions
of 1% and 2% of nanoparticles. However experimental results revealed that overall
thermal performance of nanofluid is higher than that of pure water by up to 16% for
2vol.% nanofluid. Also experimental results proved that existing correlations can
accurately estimate nanofluids convective heat transfer coefficient and friction fac-
tor in turbulent regime, provided that thermal conductivity, heat capacity, and vis-
cosity of the nanofluids are used in calculating the Reynolds, Prandtl, and Nusselt
numbers.

Key words: nanofluid, convective heat transfer, turbulent flow, friction factor,
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Introduction

Nanofluid as a promising technology is supposed to enhance the heat transfer capabili-
ties of conventional liquids both conductively and convectively [1-3]. Greater amount of work-
ing fluids' heat transfer will help thermal systems in many industries, such as energy, electron-
ics, and transportation to be designed smaller and/or more efficient. Also the conventional
working fluids which possess low thermal conductivity coefficients can no longer meet the re-
quirements of high-intensity heat transfer duties.

The conventional methods to improve the heat transfer rate include passive techniques
with application of extended or rough surfaces and swirl flow, and active techniques with sur-
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face or fluid vibration and mechanical aids [4-7]. However, these enhancing techniques have
reached a bottleneck in regard to further improvement of the heat transfer rate. Taking this fact
as granted, a search for high efficiency heat transfer fluids has started since [8] owing to the
technologies which made it possible to produce solid particles of sizes smaller than 100 nm.

Nanofluids (nanoparticle fluid suspensions) is the term coined by Choi [9] to describe
this new class of nanotechnology-based heat transfer fluids that exhibit thermal properties supe-
rior to those of their host fluids or conventional particle fluid suspensions. Since then many re-
searchers investigated the heat transfer characteristics of nanofluids experimentally [10-13] as
well as numerically [14-16]. They have achieved remarkable findings of up to 30% increase in
heat transfer that brighten the future path for further studies in this field. It is noteworthy to men-
tion that the majority of researches have converged to the point of nanofluids' superior perfor-
mance compared to those of their corresponding base fluids.

Convective heat transfer researches of nanofluids are more recent than thermophysical
properties ones. There is almost unanimous agreement in nanofluids' better heat transfer rate in
comparison to their associated base fluids, especially for lower particle concentrations, say less
than 0.5% by volume. Sajadi and Kazemi [17] studied turbulent convective heat transfer perfor-
mance of TiO,/water nanofluid with nanoparticles volume fractions less than 0.25%. They have
observed that adding nanoparticles enhances heat transfer rate but there were no significant dif-
ference between results for various nanoparticles concentrations. Ashtiani et al. [18] have ex-
perimentally worked on heat transfer characteristics of MWCNT/HT-B oil nanofluid and ob-
served that higher concentrations of this suspension shows far more heat transfer enhancement
in a circular tube, while this enhancement in tubes with higher flattening degrees is weaker.
Their volume fraction was just little above 0.25 at maximum. Fotukian and Nasr [19] studied
turbulent convective heat transfer performance of dilute (less than 0.24 vol.%) Al,O,/water
nanofluid. In their study, increasing the volume fraction of Al,O, particles in nanofluid had neg-
ligible effect on the heat transfer enhancement.

For higher particle concentrations there are studies that claim higher heat transfer as
well. Heyhat et al. [20] have worked on laminar flow convective heat transfer characteristics of
alumina water nanofluids in fully developed flow regime. Their results showed that the heat
transfer coefficient of nanofluid is higher than that of the base fluid and increases with increas-
ing the Reynolds number and particle concentrations. They have reported a maximum heat
transfer coefficient boostof approximately 32% at 2 vol.% nanofluid. In a similar study Heyhat
et al. [21] have changed the flow condition from laminar to turbulent and drawn the conclusion
that again heat transfer of nanofluid was better. The only difference between the two studies was
the compliance of experimental data with existing correlations in each case where in turbulent
flow the correlation could predict the results well.

Researches considering aqueous ZnO nanoparticles, report higher thermal character-
istics of it compared to pure water. For instance HaghshenasFard ef al. [22] have studied
ZnO/water nanofluid heat transfer in concentric tube and plate heat exchangers and obtained
14% and 20% increase of heat transfer coefficient compared to base fluid, respectively. In an-
other study thermal conductivity of an ethylene glycol/ZnO nanofluid was investigated by Lee
et al. [23] They have proposed a one-step physical method that enhances the nanofluid thermal
conductivity more than the value predicted through Hamilton-Crosser correlation.

Looking up further in literature one would face contradicting reports about nanofluid
performance as well. Some results show less heat transfer of nanofluids mostly with higher con-
centrations, while others present different behaviors.
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Pak and Cho [24] studied heat transfer behavior of Al,O; and TiO, nanofluids up to
4 vol.% concentration, they reported that at fixed Reynolds numbers heat transfer coefficient in-
creases with increase of nanoparticles concentration. However, they have found that the convec-
tive heat transfer coefficient of nanofluid was smaller than that of pure water when compared
under the condition of constant average velocity.

Williams and Buongiorno [25] studied nanofluids with 0.9 to 3.6 vol.% concentration
of Al,O; nanoparticles. They have found that heat transfer rate boosts with increasing
nanoparticles concentration.

Duangthongsuk and Wongwises [26] experimentally studied TiO,/water heat transfer
characteristics in the range of 0.2 to 2 vol.% concentration of nanoparticles. They observed that
heat transfer grows by increasing nanoparticles fraction up to 1 vol.% concentration. For higher
concentrations, however, heat transfer coefficient growth stops and starts to decrease.

There are parameters other than nanoparticle concentration which affect thermo-
physical properties and hence heat transfer performance of nanofluids. For example, increasing
zeta potential which is determined by pH value of fluid minimizes particle-particle interaction
and then decreases viscosity and thermal conductivity of suspension [27, 28]. Indeed, agglomer-
ation and clustering of nanoparticles should be taken into account to avoid undesirable settle-
ment. The next important parameter is the shape of nanoparticles which traditionally affects
thermal conductivity through Hamilton-Crosser correlation. However, Timofeeva et al. [29]
have studied alumina nanoparticles shape effects on thermophysical properties of its ethylene
glycol and water based nanofluids and have found that enhancements in the effective thermal
conductivities due to particle shape effects expected from Hamilton-Crosser equation are
strongly diminished by interfacial effects proportional to the total surface area of nanoparticles.

Since not much work is done directed to heat transfer performance of aqueous ZnO
nanofluids and indeed there is lack of unanimous agreement in results about heat transfer char-
acteristics of nanofluids with higher particle concentrations, this study aims at investigating the
heat transfer and pressure drop of ZnO water-based nanofluids flow inside a circular tube with
constant wall temperature. The research also targets at whether such a cost effective nanofluid
can be of satisfactory thermal performance.

Nanofluid preparation and characterization

The diameter of the ZnO nanoparticles used ranges
from 20 to 40 nm which were provided from Merch Com-
pany. The TEM (transmision electron microscope) pic-
ture of ZnO nanoparticles is shown in fig. 1. As can be
seen nanoparticles are not spherical but are of a kind of
hexagonal shape. Two volume concentrations of 1% and
2% were chosen for the tests and thermophysical proper-
ties of these nanofluids were measured at different tem-
peratures experimentally. Working fluids density, heat
capacity, viscosity, and thermal conductivity were mea-
sured in temperature interval of 30 °C to 90 °C. All mea-
surements were made by precise apparatuses in Iran Re-
search Institute of Petroleum Industry. Density was
measured by SVM300 with 0.0005 kg/m?® accuracy, vis-
cosity with Brookfield DV-II+ Pro Programmable Figure 1. TEM of ZnO nanoparticles
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Viscometer with accuracy of 1.0% of its full scale range, thermal conductivity with KD2 with
5% accuracy, and heat capacity with differential scanning calorimeter DSC F3 Maia by
NETZSCH with 5% accuracy. The proper amount of ZnO nanoparticles were mixed into dis-
tilled water by a mixer for 30 minutes. Then ultrasonic cleaner (model UP400S-Hielcher) was
used to disperse nanoparticles for thirty minutes. The resulting suspension did not tend to show
any settlement for 4 days in aquiescent condition. Before each test this mixing and
ultrasonication were done to ensure minimal clustering and/or settlement.

Experimental apparatus and procedure

In order to study the flow and convective heat transfer features of the nanofluids in a
circular tube, an experimental apparatus was assembled to aid this process. The schematic
shown in fig. 2 includes all necessary features of the experimental system consisting of a fluid
reservoir tank, a pump, a flow loop, a test section, a cooler and a steam supplier tank. The trans-
parent plastic fluid reservoir tank with capacity of 4 liter was applied to reserve the nanofluid
and monitor the sedimentation rate and the height of nanofluid column which ensures NPSHR
of the pump and in turn regular single-phase flow without any bubbles formed within the flow.

The test section is a straight copper tube with

===+ Test section+=e==n the inner diameter, thickness and length of
Thermocouple f8 | 3 g 73 4 73 72 | about 9, 0.5, and 1800 mm, respectively. Six
L ' e K-type thermocouples were mounted on the
r e copper tube wall at equal intervals to measure
Flowrate

the wall temperature. Two other K-type

measuring | | ® : )

section = thermocouples were inserted at the inlet and
Cooling K outlet of the test section to measure the fluid
water out

bulk temperature. All the thermocouples were
connected to separate thermometers (of type

—

\ Heat exchanger

:—-f B Hyundai) for comfortable and accurate temper-

2| B Recoivnir g:fe“r"% ature read. The first 50 cm of the copper tube at
t-|__Precooling set upstream was left outside the steam tank which
means before the application of the thermal

Figure 2. Schematic diagram of experimental condition to guarantee hydrodynamically fully-
set-up -developed flow condition and indeed ther-

mally isolated by fiberglass to ensure minor
heat loss which helps the accuracy of inlet flow temperature read at the beginning of the test sec-
tion. The flow rate was controlled with two adjusting valves, one at the end of the test section
and the other at the by-pass line. The cooler includes a shell and tube heat exchanger which was
used to reduce the inlet nanofluid temperature to the test section. This means that the cooler's
function is to dissipate the heat gained by the working fluid in the steam tank in order for the
fluid to not become so hot while it circulates in the loop. The 50-liter steam supplier tank con-
tains water as well as 8 kW electric element heaters to generate fully saturated vapor which sur-
rounds the next 120 cm of tube outside wall to keep constant its surface temperature. The con-
ventional method of isolation by fiberglass cover was used to minimize the heat loss from the
steam tank supplier to the surrounding area, so sufficient water vapor condensation occurs on
the tube outside wall and its excess amount is discharged through steam tank infiltration. By this
way water evaporation rate will not fall and then constant wall temperature condition is more
consistent in all test cases with different flowrates. A precise differential pressure transducer
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(manufactured by Endress Hauser) with an uncertainty of £1 Pa was employed for measuring
the pressure loss along the test section tube. It is of great importance to mention that all of the
measuring instruments were calibrated prior to data collection. The classical method of
bucket-and-stopwatch was used to measure flowrates due to simplicity and no need for calibra-
tion. Also the flowrates encountered in the experiments are rather low, therefore this method fits
well. A 1-liter calibrated glass vessel as the bucket and a regular digital chronometer of £0.01 s
accuracy as the stop-watch were utilized to yield data for flow rate calculation.

Data reduction

In order for heat transfer and pressure drop calculations to be carried out from raw
measured experimental data, four main fluid properties are required: density, viscosity, thermal
conductivity, and specific heat capacity. To ensure the accuracy of the results for nanofluids,
these properties are preferred to be measured experimentally.

One would see that tab.1 contains measured amounts of the four necessary properties
in temperature range of 30 °C to 90 °C with 20 °C steps for 1 vol.% and 2 vol.% nanofluids, re-
spectively. The measured experimental data of density and heat capacity fall within 1% and 7%
of well-known Pak and Cho correlations [24], respectively.

Table 1. Measured thermophysical properties of 1% and 2% ZnO/water nanofluid
Nanofluid 1 vol.% Nanofluid 2 vol.%

[Wm]flK—l] u [Pas] [Jkggw{)K*l] P [kgmia] [Wm]—clK—l] u [Pas] [Jkgng—l]

30 1044.2 0.662 0.00103 3957.4 1087.8 0.709 0.00132 3783.4
50 1031.2 0.693 0.00067 3955.2 1083.9 0.741 0.00092 3784.5
70 1025.5 0.714 0.00056 3963.4 1072.3 0.762 0.00064 3798.2
90 1011.6 0.727 0.00046 3967.7 1052.7 0.775 0.00047 3802.1

T[K] | p [kgm™]

For each nanofluid case a curve fitting of all properties were derived and the amount of
a specific property at an arbitrary temperature was interpolated linearly or of greater degree
where applicable according to its fitting. Then the rheological and thermophysical properties of
the nanofluids were calculated at the mean fluid temperature.

Due to constant wall temperature condition the experimental convective heat transfer
coefficient of nanofluid is defined as:

(PC ) o ATy o =T in)
ADLAT i
(Ts _Tb,in)_(Ts _Tb,out)
ln( TS _Tb,in ]
Ts - Tb,out

where AT} \irp is the logarithmic mean temperature difference and defined as eq. (2), and 7, —the
wall temperature that is the average of six measured temperatures on tube wall at different posi-
tions. The inlet and outlet bulk temperatures are also measured as is discussed in the section Ex-

(M

hnf (CXp. ) =

@

AT mrp =
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perimental apparatus and procedure. The convective heat transfer coefficient is usually ex-
pressed in the form of Nusselt number:

hnf (exp. )D

. )

Nu ¢ (exp.) =

Examining the apparatus reliability

The reliability and accuracy of the experimental apparatus and the obtained data was
investigated prior to handling measurements of convective heat transfer and pressure drop of
nanofluids. This was done by using pure distilled water as the working fluid and then its compar-
ison to valid correlations.

The well-known Dittus-Boelter correlation [30] (eq. (4)) was used for comparing its
calculated values with the heat transfer results of this test:

Nu = 0.023Re8pPro4 4)

In fact the Re-Nu line drawn by this equation should be compared to experimental
scattered data in the same figure.

The experimental friction factors were compared with obtained values from the
Petukhov correlation [31] (eq. (5):

£=10.79In(Re) — 1.64]2 )

Again the equation line and experimental data in the same figure should be plotted. If
both cases show reasonable agreement, the experimental apparatus might be construed as reli-
able.

In fig. 3 the Re-Nu plot for distilled water flow in circular tube under constant wall
temperature condition is given. The solid line is according to eq. (4) and the scattered data is ob-
tained through experiment. Figure 4 is the same for friction factor with eq. (5) and experimental
data. As is witnessed in figs. 3 and 4, well coincidence between the experimental results and the
calculated values for pure distilled water revealed the good agreement between the experimental
data and the prediction of the correlation (8% and £9% for heat transfer coefficient and friction
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Figure 3. Comparison of experimental Nusselt Figure 4. Comparison of experimental friction
number with data obtained by Dittus-Boelter factor with data obtained by Petukhov

correlation vs. Reynolds number correlation vs. Reynolds number
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factor, respectively). This could mean that experimental data obtained by current system can be
trusted as valid.

Sufficient care was taken to maintain the experimental set-up condition as consistent
as possible in the other two fluid cases (nanofluids 1% and 2% by volume). Measures like pre-
venting tube vibration, smooth pump rotation, and supplying NPSHR persistently were taken
and owing to manual data collection, monitoring change of conditions was not far to reach. This
could help to ensure the same level of accuracy for the results associated with nanofluids as for
results of pure water.

Uncertainty analysis

There is a degree of uncertainty in calculation of flow and heat transfer parameters
from raw measured data due to the errors associated with the instruments used.

Table 2. Accuracy of measuring instruments

Description No. Model Accuracy in the study range

Type K (chromel-Alumel)
2 thermocouple connected to 0.2°C
Hyundai thermometer

Inlet and/or outlet flow
temperature

Type K (chromel-Alumel)
Temperature of the tube surface 6 thermocouple connected to 0.2°C
Hyundai thermometer

Bucket and stop watch
(including calibrated glass 0.05 lit/s at maximum
vessel and simple digital cell including human error”
phone chronometer application)

Flowmeter 1

* Accuracy was estimated by repeating measurements several times for different cases

Table 2 presents the accuracy of measuring instru- Table 3. Uncertainty of parameters
ments included in the assembly. Based on the method pro-
posed by Kline and Mcclintock [32] and substituting the
data from tab. 2 in it, the uncertainty analysis results are
given in tab. 3.These amounts are the maximum for each Nu +6.4%
parameter in all cases of experiments.

Parameter Uncertainty

Re +2.1%

Results and discussion
Heat transfer results

The heat transfer data of 1% nanofluid in terms of Nusselt number vs. Reynolds num-
ber is depicted in fig. 5 and Dittus-Bolter correlation is included as well for the sake of compari-
son. It is evident from the graph that the experimental figures are located within 7% of the con-
sidered correlation. Taking into account the fact that measured thermophysical properties are
used in Dittus-Bolter correlation for this case (1% nanofluid), one would not go astray to take
this correlation as valid for this specific nanofluid. The same can be argued about 2% nanofluid
as is obvious form fig. 6 due to its similarity to fig. 5.

One important conclusion that can be drawn from figs. 5 and 6 is that heat transfer en-
hancements of ZnO/distilled water nanofluids (1 and 2% by volume) are attributed to their
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Figure 5. Comparison of experimental Nusselt
numbers of 1 vol.% fraction nanofluids with the
evaluated line of Dittus-Boelter correlation in
the same Reynolds number range

Figure 6. Comparison of experimental Nusselt
numbers of 2 vol.% fraction nanofluids with the
evaluated line of Dittus-Boelter correlation in
the Reynolds number range

thermophysical properties' boosts and no other helping or deteriorating factor does exist or at
least their effects cancel out. This argument's justification can be put forward with the support of
the proximity of current experimental results and the existing proved correlation.

For the natural convection of nanofluids there are contradictory discussions about dif-
ferent nanoparticles in the literature [1, 14] about whether it increases or decreases heat transfer
rate, however here the flow regime is turbulent and the effect of natural convection is minor.

To obtain a better understanding of heat transfer variation due to nanoparticle frac-
tion change, the whole Nusselt number data of the three fluid types (one pure plus two
nanofluids) are gathered in fig. 7. The trend of the experimental data is quite regular and so

160
Nu ‘ o
140 e
120 B i e
100F i
80 - ) & "m"
60| e
a0k o o Pure water
i = Nanofluid 1 vol.%
°o = Nanofluid 2 vol.%
201
0 P P (RSP VR, [\ R (U IR O S
0 10000 20000 30000 R 40000

Figure 7. Nusselt number variations vs. Reynolds
number for pure water and nanofluids with
1 vol.% and 2 vol.% fractions on nanoparticles

strengthens its validity and makes interpreta-
tions straightforward too. The increase in
Nusselt number for higher concentrations of
nanoparticles in the host fluid is apparent and
hence heat transfer enhancement of nanofluids
is not far to claim. Heat transfer coefficient
amplified 11% and 18% relative to pure water
for nanofluid with 1 vol.% and 2 vol.% frac-
tions of ZnO nanoparticles, respectively.
These amounts of heat transfer enhancements
are almost the same throughout the studied
Reynolds numbers range. This fact is along
with the applicability of Ditus-Bolter correla-
tion to the two nanofluids with updated proper-
ties, for this equation with enhanced values of
properties will present a constant augmenta-
tion in Nusselt number throughout the
Reynolds number range of the study.
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Pressure drop results

Friction factor is a dimensionless parameter
which is a normalized form of pressure drop
that is not affected by viscosity and other prop-
erties. Therefore if no other factor influences
the pressure drop of a certain type of flow in a
specific path (say a circular tube), changing the
fluid will not tend to alter this parameter. This is
conceived the same as the condition in the pres-
ent experimental study. The three types of flu-
ids possess different amounts of viscosity and
hence will definitely show varying levels of
pressure drops. However their friction factors
seems to be of the same amount in the study
range as is witnessed in fig. 8 where they are lo-
cated within a +10% margin of Petukhov corre-
lation. The reason can be put in this way that the

1323
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Figure 8. Comparison of experimental friction
factors of working nanofluids and evaluated
ones from Petukhov correlation

only effective parameter in nanofluid pressure drop is viscosity, while if ever any other increas-

ing or decreasing factor was present, their effec
nanoparticle concentration will give rise to the
nanofluid viscosity as is observed in tabs. 1 and
2. Hence to conclude finally one can say that the
friction factor values will remain the same de-
spite of nanoparticle concentration variation.

To explore more on pressure drop, in fig. 9
compared pressure drops of nanofluids with
pure water is given. It shows that at a given
Reynolds number pressure drop of nanofluids
increases significantly as nanoparticles concen-
tration rises. For example for Reynolds number
around 20000, pressure drop of nanofluids are
45% and 145% higher than that of pure water
for 1% and 2% volume fractions of nano-parti-
cles, respectively.

Overall thermal performance of nanofluids

ts would cancel out. It is quite clear that higher
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Figure 9. Pressure drop of nanofluids and pure
water vs. Reynolds number

From the previous discussions just given, it is evident that heat transfer and pressure
drop both are higher for greater concentrations of nanoparticles in the host fluid. However con-
sidering system performance, these two parameters contradict each other. In order for better
comparison of nanofluids heat transfer behavior to be carried out, the overall thermal perfor-
mance of nanofluids is defined as the ratio of thermal efficiency rise to pumping power rise as:

Enr

]’I:

™

W

(6)

N

nf

Wy,
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In which thermal efficiency of each fluid can be calculated through eq. (7):

q _ mcp (Tb,out - Tb,in )
I’i’lCP (Ts - Tb,in )

&=

%

q max

and the pumping power is:

Performance

W = QAP (8)

That is proportional to pressure drop in each case.

Figure 10 shows the variation of the overall

18 thermal performance with Reynolds numbers
[ Nanofiliid 1 vol % for 1 vol.% and 2 vol.% fractions of nanoparti-
= Nanofluid 2 vol.% cles. Although the trend seems erratic and irreg-
il ular for each case, generally higher thermal per-
- . formance of thicker nanofluids is apparent.

- Actually the overall thermal performance of 1%
. nanofluid varies between just above 1 to less
than 1.08, while the figure for 2% nanofluid is
; Fil e always higher than that of the former by around
[ . ¥ . ) 10% on average which may even exceed 1.2.
1+ o Unfortunately in each case there is no meaning-
[ ful variation of overall thermal performance
with Reynolds number, however the data fluc-
tuate around an average number for each case
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Figure 10. Overall thermal performance of (approximately 1.04 and 1.16 for 1% and 2%
nanofluid vs. Reynolds number nanofluids, respectively).

Conclusion

The following conclusions have been drawn from the present study.
For 1 vol.% fraction of ZnO, an increase of about 11% in the heat transfer coefficient was
occurred in comparison with purewater. In case of 2 vol.% nanofluid, heat transfer
enhancement was about 18%. These amounts of heat transfer enhancements were almost the
same throughout the studied Reynolds numbers range.
Common correlations for heat transfer coefficient and friction factor were applicable for
nanofluids when their measured thermophysical properties were used in correlations.
Dittus-Boelter correlation estimates nanofluid Nusselt number with maximum deviation of
7% from experimental results and Petukhov correlation also predicts friction factor of
nanofluids properly (with 10% maximum deviation).
Nanoparticles concentration change does not affect friction factor.
Pressure drop however will leap by adding ZnO nanoparticles to water. More nanoparticles
concentration results in higher pressure drop. This fact along with no change in friction
factor means nanofluid pressure drop can be predicted just by knowing viscosity.
Suspending ZnO in water as the base fluid increases its overall thermal performance. Higher
nanoparticles concentration results in greater overall thermal performance. This parameter,
being erratic in the range of study, does not show meaningful growth or decline while
Reynolds number increases, however the data fluctuate around an average number
(approximately 1.04 and 1.16 for 1% and 2% nanofluids, respectively) for each case.
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Nomenclature
A — tube cross-section area, [m?] n — overall thermal performance, [—]
C, — specific heat capacity, [kJkg 'K '] u — viscosity, [Pa-s]
D — diameter of the tube, [m] v — kinematics viscosity, [m?s™]
f — friction factor (= 2AP/pu?), [-] p — density, [kgm ]
h — heat transfer coefficient, [Wm 2K '] 0] — nanoparticle volume fraction, [—]
k — thermal conductivity, [Wm™'K™] Subscrint
L — length of the tube, [m] ubscrpts
Nu — Nusselt number (= hD/k), [-] b — bulk
AP — pressure drop, [Pa] exp. — obtained experimentally
Pr — Prandtl number (= uCy/k), [-] in — inlet
(0] — flowrate, [m’s™'] max — maximum
q — heat transfer rate, [W] nf — nanofluid
Re — Reynolds number, (= uD/v), [-] Np — solid nanoparticle
T — temperature, [K] out — outlet
u — mean fluid velocity, [ms™'] S — tube surface
w — water (base fluid)

Greek symbols

&

— convection thermal efficiency, [—]
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