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Abstract—Due to the low heat transfer efficiency of common heat exchange systems, an improved heat exchange sys-
tem was developed. Enhanced tubes (elliptical tubes with a built-in turbulator) instead of a smooth tube were used and
TiO,-water nanofluids were substituted for water to intensify the heat transfer. The influences of turbulator (presence or
absence), axial ratios of elliptical tubes (Z=1.235, 1.471, 1.706), nanoparticle concentration (©=0.0 wt%, 0.1 wt%, 0.3
wt%, 0.5 wt%), and Reynolds number (Re=400-12,000) on the flow and heat transfer properties of TiO,-water nanoflu-
ids were studied. Thermal and exergy efficiency were used to research the comprehensive thermo-hydraulic character-
istics of these heat transfer enhancement technologies. The thermo-hydraulic properties of nanofluids all showed an
increasing trend with the growing axial ratio, nanoparticle concentration and Reynolds number. Nanofluids (&=0.5
wt%) in an elliptical tube (Z=1.706) with a built-in turbulator showed the best thermal performance, which could be
increased by 33.8% in comparison with water at best. The thermal efficiency index increased first and then decreased
with the Re. Nanofluids in elliptical tubes with a built-in turbulator can clearly promote heat transfer under the identi-

cal condition.
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INTRODUCTION

Enhanced heat transfer technologies mainly contain two kinds:
active reinforcement technique, which requires the consumption
of additional energy, and passive reinforcement technique (such as
pulsating heat pipe [1,2]). This paper mainly focuses on the latter.
Passive reinforcement techniques mainly are improving the heat
transfer surface and using a high heat conductivity heat transfer
medium. An elliptical tube, as a common and effective enhanced
tube, is used to substitute for the glossy tube in heat exchange sys-
tems. For heat transfer medium, nanofluids, as a high heat conduc-
tivity heat transfer medium [3,4], are applied in numerous areas,
for instance, photo-thermal conversion based on various nanoflu-
ids including photonic nanofluids [5] and plasmonic nanoshell-
based nanofluids [6], thermal and energy management application
[7-9], and so on. Nanofluids are a proper effective heat transfer me-
dium that can be applied in the heat transfer system instead of con-
ventional fluids such as water.

Many studies have been conducted on the free convection of
nanofluids in an oblique cavity [10], a lid-driven cavity [11], an open
cavity [12], a rotating chamber [13], a cavity with a corrugated par-
tition [14], a square cavity [15], a porous media [16], and a /=shaped
enclosure [17]. Free convection shows the advantage of safe and
silence, but it is only suitable for the fields with low heat transfer
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intensity requirements. For the high heat transfer intensity field,
especially the heat exchanger system, the turbulent flow is widely
adopted instead of the natural convection to achieve high-inten-
sity heat transfer.

Turbulent flow heat transfer, as a main heat transfer model, is of
great significance in the design of the heat exchange system. Numer-
ous researches on the turbulent flow of nanofluids are being car-
ried out. Hu et al. [18] conducted a numerical simulation on the
turbulent flow of salt-based nanofluids among the solar energy
system. Results indicated that the heat transmission characteristic
of salt-based nanofluids firstly increases with nanoparticle concen-
tration and then decreases, and the crucial concentration of nano-
particle is 1.0 wt%. Li et al. conducted a number of studies about
the turbulent flow of nanofluids [19,20] in cavities [21-23], a pipe
with modified turbulators [24], and a round duct with volute tur-
bulators [25]. It was presented that the magnetic field, porous media,
and turbulator play a positive part in improving heat transmission.
Al-Rashed et al. [26,27] and Alsarraf et al. [28] considered the tur-
bulent flow in a heat exchanger, discussed the influences of nano-
particle shapes, respectively [27,28], and analyzed the entropy gen-
eration [27]. It was determined that a platelet shaped nanoparticle
shows the highest thermal performance, and high nanoparticle con-
centration can cause large entropy generation. Nojoomizadeh et al.
[29] investigated the turbulent flow of nanofluids in a microchan-
nel with the lower section filled with porous media, and concluded
that decreasing permeability can cause high thermal performance
at the upper section of the microchannel and low thermal perfor-
mance at the lower section. Naphon et al. [30] investigated the tur-
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bulent flow in a microchannel heat sink, and results presented that
high nanoparticle concentration and low nozzle diameter are ben-
eficial to the thermal performance. Sajid et al. [31] reviewed the
application of nanofluids from the perspective of turbulent flow.
Many studies on the nanofluid turbulent flow in a heat sink [32], a
rectangular microchannel [33], a compact heat exchanger [34], a
square channel [35], a pipe [36] have been conducted. It was found
that nanofluids show an excellent characteristic compared with water.

In addition to the above excellent thermal-property heat trans-
fer mediums, numerous researches on the turbulent flow of en-
hanced tubes are also investigated. Mohebbi et al. [37] revealed the
turbulent flow performance of nanofluids in a costate channel.
Results showed that the high ratio of block height can cause large
thermal performance. Sun et al. [38] and Karimi [39] performed
researches on the turbulent flow of nanofluids in a threaded tube
with a built-in crooked belt and a double tube heat exchanger with
a built-in tape, respectively. It was shown that the built-in crooked
belt can cause a great improvement in thermal behavior. Naphon
et al. implemented investigations on the turbulent flow of nanoflu-
ids in enhanced tubes, for instance, a micro-fin tube [40], a spirally
corrugated tube [41], and a coiled tube [42]. Qi et al. also con-
ducted feasible experiments studying the turbulent flow of nano-
fluids in enhanced tubes, for example, triangular tube [43]. All above
enhanced tubes have merits of high thermal performance and are
widely used in heat exchange systems.

From the above studies, the turbulent flow of nanofluids has been
widely investigated, and diverse kinds of enhanced tubes were also
investigated, which makes an outstanding contribution to the heat
exchange system. However, the influence of enhanced tube struc-
ture, especially the elliptical tube with built-in turbulator, on the
thermo-hydraulic characteristics of nanofluids in the heat exchange
system is less researched. Hence, the effects of the elliptical tube
structure were experimentally researched in this study. The inno-
vations of the paper are mainly: (1) Effects of the coupling of ellip-

tical tube structures (diverse axial ratios) and built-in turbulators
are analyzed. (2) A comprehensive method (thermal efficiency) is
adopted to evaluate the heat transfer and flow, which is helpful for
the design and operation of the thermal system.

METHOD

1. Heat Medium

In this experimental system, the heat transfer media were TiO,-
water nanofluids with various concentrations (@=0.0 wt%, 0.1 wt%,
0.3 wt%, 0.5 wt%). A two-step method was adopted to make prepa-
ration. The details of preparation step: A set amount of the disper-
sant was poured into deionized water and mechanically stirred for
one hour; the nanoparticles were added slowly into the solution,
and then the mixed suspension was placed on a magnetic stirrer
for 40 minutes; the pH of the solution wasadjusted to 8 (researches
of [43] showed that TiO,-water nanofluids have the optimal stabil-
ity when the pH=8); finally; it was oscillated in an ultrasonic oscil-
lator for 40 minutes. Thermal physical parameters (heat conductivity
and viscosity) are given in Table 1.
2. System

The experimental system adopted was one identical to our pre-
vious published paper, which is shown in Fig. 1 [44], where the
details of the experimental system can also be found. However, only
one kind of elliptical tube without a built-in turbulator was investi-
gated in our previous paper [44]. For the sake of further investi-
gating the effects of various elliptical tube structures with a built-in

Table 1. Physical parameters of nanoparticle and deionized water

Physical parameters  p (kgm™) g (Pa's) k(W-m.K")

Deionized water 997.1 0.001004 0.6130
TiO, 4250 - 8.9538
=
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Fig. 1. Schematic plan of test system of nanofluids [44].
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f
turbulator, three various types of elliptical tubes with a built-in tur- Frictional resistance coefficient f:
bulator were chosen to be the heat transfer tubes. The details of 2. A
three various types of elliptical tubes are indicated in Fig. 2 and the f=—: Z% (13)
turbulator is presented in Fig. 3. The axial ratios of these elliptical pu
tubes were Z=1.235, 1.471, 1.706, respectively. The other size details Reynolds number Re:
can be found from Figs. 2 and 3. In addition to the difference in the d
elliptical tube structures and a built-in turbulator between this paper Re=2 (14)
and our previous paper [44], another crucial point is that only ther- Hf
mal efficiency was used to estimate the energy from quantity in our Thermal efficiency index 77 [46]:
previous paper [44], but exergy efficiency was proposed to evaluate .
the energy from quality in this paper, which can guide us how to _( Nu /( f 3 (15)
choose enhanced heat transfer technology from the quality of energy:.  \NUGfrcirutar ta be) forcircutar 1 be)
3. Data Processing . . .
Heat power of DC power Qi Equation of the exergy efficiency plot [47]:
Nu, f
=UI 1 —*] =b.+klIn|=
Q (1 ln(Nuﬂ)Re b; +k,ln(fU)Re (16)
Effective heat power of DC power Qu: where bp=InC, 5, b,,=InC, 4, by=InCy y, —1<m, <0, 0<m,<1.
=UI-Qy 2
Q Qs @ 4. Uncertainty Analysis
Specific heat and density of nanofluids [45]: The uncertainty equations [48]:
o =(1= D) Gyt P ®3) SNu  [FOQN2 (8T
oNu_ s o
T®

P=(1- Dy + @0, @ Nu

Equivalent relationship between the volume fraction and the S J(é}g)z +(@)2 +(%)2 (18)
mass concentration: f P L 9

1
= — 5
14 (1 &) (P,p! Pup) ©) Table 2. Experimental instrument and its uncertainty
Absorbed heat of fluid Q,: Experimental instrument Precision
Q64T ) ©) DC power L0%
Thermocouple 1.0%

Heat exchange amount between tube and fluid Q: Pressure transmitter 0.5%

Q,+Q, Vernier caliper 0.1%
Q=—5— @) Rotameter 1.06%
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Fig. 5. Effects of nanoparticle concentration on Nusselt number of elliptical tubes with diverse axial ratios, Z=1.235: (a) laminar flow; (b) tur-
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The precision of the experimental instrument (or equipment)
in the experiment is presented in Table 2. Based on Egs. (17) and
(18), the indeterminacy of Nu and f was 1.41% and 1.18%, respec-
tively. The result indicated that error was less than 3.0%, which can
guarantee the reliability and accuracy of the experiment in this paper.

RESULTS AND DISCUSSION

1. Verification

The experiment was verified on the experimental system first.
The thermal-hydraulic properties of water in a round tube were
researched and a comparison was made with the published refer-
ences [4549,50]. The comparisons between the results in this article
and that of published references are given in Fig. 4. It was found
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that the max error for Nu was 1.21% and 2.36% at laminar and tur-
bulent flow; respectively; and the max error for f was 3.76% and 2.47%
at laminar and turbulent flow; respectively. The errors were all small
and capable of verifying the credibility of this system.
2. Elliptical Tubes without a Built-in Turbulator
2-1. Effects of Nanoparticle Concentration

The effects of nanoparticle concentration on the thermo-hydrau-
lic properties are analyzed in the section. The effects of nanoparti-
cle concentrations on Nu of elliptical tubes with various axial ratios
(Z=1.235, 1471, 1.706) are presented in Fig. 5. Results make clear
that Nusselt number increases with the nanoparticle concentra-
tion. At laminar flow; nanofluids with @=0.5 wt% can improve the
thermal performance by 14.8%, 19.2%, 22.2% at best compared
with water when Z=1.235, 1.471, 1.706, respectively. At turbulent
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Fig. 6. Effects of nanoparticle concentration on resistance coefficient in elliptical tubes with diverse axial ratios, Z=1.235: (a) laminar flow, (b)
turbulent flow; Z=1.471: (c) laminar flow, (d) turbulent flow, Z=1.706: (¢) laminar flow, (f) turbulent flow.
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flow; nanofluids with @=0.5wt% can strengthen the thermal per-
formance by 19.4%, 23.1%, 27.3% at best compared with water
when Z=1.235, 1471, 1.706, respectively. One reason is that nano-
fluids have high heat conductivity, and another reason is that Brown-
ian force shows the largest one among interaction forces (gravity
and buoyancy force, drag force, interaction potential force, Brown-
ian force), and can cause a large disturbance in the fluid [51].

Results also indicate that the increasing proportion at laminar
flow is much smaller than that at turbulent flow. This can be inter-
preted that the laminar boundary layer at laminar flow is much
thicker than that at turbulent flow, and heat conduction becomes
the most critical influence on the laminar boundary layer; how-
ever, nanoparticle concentrations are very close, which results in a
small increase ratio at laminar flow. When the flow enters into tur-
bulent, the laminar boundary layer becomes thin and the influence
of heat conduction decreases, but the increasing turbulence caused
by Brownian force becomes the major factor which affects the
increase ratio; therefore, the increase proportion of turbulent flow
becomes much greater than that of laminar flow.

Along with the increase of nanoparticle concentration, apart from
the improvement of thermal performance, the resistance coeficient
also increases, which gives rise to the heat transfer system to con-
sume additional energy to transport nanofluids. Therefore, the im-
pact of nanoparticle concentration on coefficient of resistance in
elliptical tubes with various axial ratios is also discussed in this sec-
tion, which is shown in Fig. 6. Results show that the f has an increas-
ing tendency with the increase of nanoparticle concentration. At
laminar flow; nanofluids with @=0.5wt% can increase the f by 6.0%,
7.6%, 7.2% at greatest compared with water when Z=1235, 1471,
1.706, respectively. At turbulent flow, nanofluids with ®=0.5wt%
can increase the f by 5.2%, 6.6%, 6.5% at best compared with
water when Z=1.235, 1.471, 1.706, respectively. This can be mainly
interpreted by the Stokes force between nanoparticles and water
molecules due to the diverse mass; when the nanoparticles are
added into the base fluids, there is a difference in velocity between
nanoparticles and water molecules. Hence, with the increase of
nanoparticle concentration, the drag force can show an increasing
trend, and a large drag force directly causes large viscosity and resis-
tance coefficient. Results also present that the increase proportion
of the f at laminar flow is slightly smaller than that at turbulent flow,
and they differ very little from each other. This may be explained as
follows: the drag force plays a more crucial role in the resistance
coefficient compared with other factors, and the velocity difference
between nanoparticles and water molecules at laminar flow is slightly
smaller than that at turbulent flow; but they differ very little from
each other.

2-2. Effects of Axial Ratio

The effects of the axial ratios of the elliptical tube on the thermo-
hydraulic properties are analyzed in this section. Fig. 7 illustrates
the influence of axial ratio on Nusselt numbers of nanofluids with
various nanoparticle concentrations (@=0.0 wt%, 0.1 wt%, 0.3 wt%,
0.5 wt%). Results indicate that Nu shows a growing tendency with
the rise of the axial ratio. The elliptical tube with axial ratio Z=
1.706 shows the largest thermal performance, and it can increase
the Nusselt number by 7.1%, 10.3%, 12.8%, 15.4% at best compared
with that with axial ratio Z=1.235 for nanofluids with ®=0.0 wt%,
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0.1 wt%, 0.3 wt%, 0.5 wt% at laminar flow, respectively. It can in-
crease the Nusselt number by 9.8%, 14.8%, 18.7%, 18.6% at best
compared with that with axial ratio Z=1.235 for nanofluids with
®=0.0wt%, 0.1 wt%, 0.3 wt%, 0.5wt% at turbulent flow, respec-
tively. This can be explained that the most inner side of the ellipti-
cal tube is much nearer to the center with the increase of axial ratio,
then the velocity gradient becomes much larger; and the large veloc-
ity diminishes the thickness of the laminar boundary layer, which
causes higher thermal performance. A large axial ratio of the ellip-
tical tube is advantageous for enhancing heat transfer.

Another conclusion is also obtained that the increase propor-
tion of Nusselt number at turbulent flow is higher than that at
laminar flow. The reason is similar to that in the previous section.
Nanoparticle concentrations are very close, which results in a small
increase ratio at laminar flow. When the flow enters into the tur-
bulent flow; Brownian force becomes the major factor that affects
the increase ratio rather than thermal conductivity, and Brownian
force increases with the increasing axial ratio; therefore, the increase
ratio of turbulent flow becomes much greater than that of laminar
flow.

Also, the effects of axial ratio on the resistance coefficients of
nanofluids with various nanoparticle concentrations (©=0.0 wt%,
0.1 wt%, 0.3 wt%, 0.5 wt%) are investigated in Fig. 8. Results indi-
cate that the f has an upward tendency with the axial ratio. The
elliptical tube with axial ratio Z=1.706 shows the largest resistance
coefficient, and it can augment the resistance coefficient by 3.8%,
5.13%, 5.07%, 5.0% at best compared with that with axial ratio Z=
1.235 for nanofluids with @=0.0 wt%, 0.1 wt%, 0.3 wt%, 0.5 wt%
at laminar flow or turbulent flow; respectively. According to above
analysis, the velocity gradient becomes larger with the increase of
axial ratio, and the velocity difference between nanoparticles and
water molecules becomes larger. Hence, the drag force caused by
the velocity difference shows an increasing trend with the axial
ratio. Lastly, the large drag force causes a high resistance coefficient.
Another condlusion is that the increase ratio of the f at laminar
flow is almost identical with that at turbulence flow. This may be
owing to the reasons that the structure of the elliptical tube has lit-
tle impact on the resistance coefficient, and the nanoparticle con-
centration becomes the foremost factor.

3. Elliptical Tubes with a Built-in Turbulator
3-1. Effect of Nanoparticle Concentration

To augment the heat transfer further, a turbulator is put inside
of the elliptical tubes. Impacts of nanoparticle concentrations on
the Nu of various axial ratio elliptical tubes with a built-in turbula-
tor are discussed, which is presented in Fig. 9. Conclusions show
that the thermal properties also rise with the nanoparticle concen-
tration, just like the elliptical tubes without a built-in turbulator. At
laminar flow; nanofluids with @=0.5wt% can improve the thermal
performance by 18.7%, 23.0%, 26.8% at best compared with water
when Z=1.235, 1.471, 1.706, respectively. At turbulent flow; nano-
fluids with @=0.5wt% can improve the thermal performance by
24.5%, 26.2%, 33.8% at best compared with water when Z=1.235,
1.471, 1.706, respectively. The reason is similar to the elliptical tubes
without a built-in turbulator (Fig. 5). Compared with nanofluids
in elliptical tubes without a built-in turbulator at laminar and tur-
bulent flow; nanofluids in elliptical tubes with a built-in turbulator
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Fig. 9. Effects of nanoparticle concentration on Nusselt number of diverse axial ratio elliptical tubes with built-in turbulator, Z=1.235: (a)
laminar flow, (b) turbulent flow, Z=1.471: (c) laminar flow, (d) turbulent flow; Z=1.706: (e) laminar flow, (f) turbulent flow.

can improve the thermal performance by 9.2% and 12.5% at best
respectively, which can be interpreted by the insertion of the tur-
bulator. On one hand, the effective flow area of the tube decreases
and the average flow velocity in the elliptical tube increases. Mean-
while, nanofluids are forced to flow in spirals due to the turbula-
tor. On the other hand, the shear stress at the wall is boosted and
the disturbance caused by secondary flow is enhanced, and then
the thickness of the laminar boundary layer is reduced, ultimately
the heat transfer effect is improved.

Also, the impact of nanoparticle concentration on the f in vari-
ous axial ratio elliptical tubes with a built-in turbulator was investi-
gated, which is given in Fig. 10. Results illustrate that the f also in-
creases with the nanoparticle concentration, just like the elliptical
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tubes without a built-in turbulator. At laminar flow; nanofluids
with @=0.5wt% can enlarge the f by 6.4%, 7.2%, 8.0% at greatest
compared with water when Z=1.235, 1.471, 1.706 respectively. At
turbulent flow; nanofluids with @=0.5wt% can enhance the resis-
tance coefficient by 6.3%, 7.4%, 8.3% at greatest compared with
water when Z=1235, 1471, 1.706, respectively. Results also indi-
cate that the increase proportion of the resistance coefficient at lami-
nar flow is slightly less than that at turbulent flow and they are close
to each other. The reason is similar to the elliptical tubes without a
built-in turbulator (Fig. 6). Compared with nanofluids in elliptical
tubes without a built-in turbulator, nanofluids in elliptical tubes
with a built-in turbulator can enhance the resistance coefficient by
3.7% and 4.1% at laminar flow and turbulent flow at best, respec-
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tively, which can be explained by the disturbance caused by the
turbulator. The turbulator strengthens the mixing disturbance of
the fluid, and also brings large friction between nanofluids and the
wall surface. Hence, there will be a large pressure drop loss.
3-2. Effects of Axial Ratio

The effects of axial ratios on Nu of nanofluids with various nano-
particle concentrations in elliptical tubes with a built-in turbulator
are illustrated in Fig. 11. It is indicated that Nusselt number dis-
plays an increasing tendency with the increase of axial ratio. The
elliptical tube with axial ratio Z=1.706 shows the largest thermal
performance, and it can increase the Nusselt number by 8.5%, 10.6%,
14.6%, 16.2% at best compared with that with axial ratio Z=1.235
for nanofluids with @=0.0 wt%, 0.1 wt%, 0.3 wt%, 0.5 wt% at lami-

nar flow; respectively. It can increase the Nusselt number by 10.2%,
16.3%, 23.0%, 21.3% at best compared with that with axial ratio
Z=1235 for nanofluids with ®=0.0wt%, 0.1 wt%, 0.3 wt%, 0.5
wt% at turbulent flow; respectively. Another conclusion also is that
the increase proportion of Nu at turbulent flow is greater than that
at laminar flow. The reason is the same as the elliptical tube with-
out a built-in turbulator. Compared with nanofluids in elliptical
tubes without a built-in turbulator, nanofluids in elliptical tubes
with a built-in turbulator can improve the thermal performance
by 8.0% and 10.0% at laminar flow and turbulent flow at most,
which can be also explained by the disturbance caused by the tur-
bulator. The boundary layer of the fluids on the inner surface of
the elliptical tube is destroyed and reduced owing to the distur-
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bance caused by the turbulator; lastly; the intensity of the heat trans-
fer is increased.

The effects of axial ratio on f of nanofluids with various nano-
particle concentrations in elliptical tubes with a built-in turbulator
are shown in Fig. 12. Results indicate that the f has an increase
tendency with the increase of axial ratio. It can be found that the
elliptical tube with axial ratio Z=1.706 shows the largest resistance
coefficient, and it can all increase the resistance coefficient by 4.2%,
5.3%, 6.1%, 5.5% at best compared with that with axial ratio Z=
1.235 for nanofluids with @=0.0 wt%, 0.1 wt%, 0.3 wt%, 0.5 wt%
at laminar flow or turbulent flow; respectively. An identical increase
proportion of resistance coefficient is shown between laminar flow
and turbulent flow. The reason is the same as with the elliptical tube
without a built-in turbulator.

4. Thermal Efficiency

Increasing nanoparticle concentration and axial ratio can dra-
matically promote the heat transfer, but also contribute to the in-
crease in resistance coefficient. A large resistance coefficient is not
advantageous for enhancing heat transfer. Therefore, it is neces-
sary to assess thermo-hydraulic performance comprehensively. Firstly,
a thermal efficiency evaluation on the thermo-hydraulic character-
istics is conducted from the quantity, whose outcomes are pre-
sented in Fig. 13. The thermal efficiency index 7 firstly shows an
increase trend with the increasing Re and then diminishes. There
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exists a Re,=8,000 which corresponds to the maximum value of
the thermal efficiency index. Results also indicate that the thermal
efficiency index increases with the nanoparticle concentration and
axial ratio. Nanofluids with @=0.5% in the elliptical tube without
and with a turbulator at Re,=8,000 all show the biggest thermal
efficiency index, which can reach 1.35 and 1.47, respectively. This
is because with the growth of Reynolds number, the augment ratio
of heat transmission (Nu) is larger than that of the resistance coef-
ficient as the Re is smaller than Re.=8,000; however, after Re,=
8,000, the increase ratio of resistance coefficient assumes a major
role. Hence, a Reynolds number (Re,=8,000) that corresponds to
the highest thermal efficiency index 77 appears. In terms of thermal
efficiency, it is best to choose the Reynolds number (Re,=8,000) as
the most suitable working condition in the elliptical tubes with a
built-in turbulator.
5. Exergy Efficiency

In addition to the thermal efficiency, exergy efficiency analysis
was conducted on the heat transfer system from the viewpoint of
quality instead of quantity. An exergy efficiency plot based on Eq.
(16) was used to investigate the thermal and hydraulic characteris-
tics (see Fig. 14). The plot is separated into four areas (area I- area
IV) by three solid lines which are the identical mass flow rate con-
dition, the identical pump power condition, the identical pressure
drop condition from top to bottom. Data in area I means it is capa-

Fig. 13. Thermal efficiency analysis of thermo-hydraulic performance, (a) without turbulator, (b) with turbulator, p=25 mm.
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Fig. 14. Exergy efficiency analysis of thermo-hydraulic performance, (a) without turbulator, (b) with turbulator, p=25 mm.
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Fig. 15. The slope of experimental data in Fig. 14, (a) without turbulator, (b) with turbulator, p=25 mm.

ble of boosting the heat transfer under the condition of the identi-
cal mass flow rate. Data in area II means it can enhance the heat
transfer under the identical requirement of pump power but dete-
riorates under the identical requirement of mass flow rate. Data in
area III means it can evidently promote the heat transfer under the
identical requirement of pressure drop but deteriorates under the
identical requirement of pump power. Data in area IV means it can
deteriorate under the identical requirement of pressure drop. Hence,
area I indicates the best thermal characteristic; next is area II and
area III, and area IV shows the weakest thermal characteristic. In
Fig. 14 that all the data is located in area I, which means all the
working conditions and enhancement techniques adopted in this
paper (nanofluids instead of common fluid, elliptical tube instead
of smooth tube) can clearly contribute to the improvement of heat
transfer at the expense of barely a rise in f and have high exergy
efficiency.

Although all the data is located in area I, in order to analyze
them further, the slopes of experimental data in Fig. 14 are investi-
gated and shown in Fig. 15. As we know from the analysis of Fig.
14, the higher the slope of the data is, the better is the exergy effi-
ciency of the data. As can be seen from Fig. 15, the highest exergy
efficiency manifests at Re=8,000, which provides us a principle to
choose the working condition from the point of energy quality.

CONCLUSIONS

An experimental study was done to investigate the effects of axial
ratio on thermo-hydraulic characteristics of nanofluids in elliptical
tubes with a built-in turbulator on the basis of thermal and exergy
efficiency. Some major conclusions are presented below:

(1) Thermal property of nanofluids was improved by the nano-
particle concentration, nanofluids with ©=0.5% showed the high-
est thermal property and could improve it by 27.3% and 33.8% at
best in elliptical tubes without and with a built-in turbulator, respec-
tively.

(2) Thermal property of nanofluids increased with the axial ratio
of the elliptical tube. The elliptical tube with axial ratio Z=1.706
showed the largest thermal performance, and it, without and with
a built-in turbulator, can promote the Nusselt number by 15.4%
and 18.6% at best compared with that with an axial ratio Z=1.235,

respectively.

(3) Resistance coefficient showed a little increasing trend with
the increase of nanoparticle concentration and axial ratio. Com-
pared with water at laminar and turbulent flow; nanofluids with
®=0.5wt% in the elliptical tube without and with a built-in turbu-
lator could augment the resistance coefficient by 6.5% and 8.3% at
best, respectively.

(4) The thermal efficiency index first showed an increasing trend
with the increasing Re and then diminished. There existed a Re.=
8,000 which corresponds to the maximum value of the thermal effi-
ciency index. Nanofluids with ®=0.5% at Re,=8,000 showed the
biggest thermal efficiency index which can reach 1.35 and 147,
respectively.

(5) The working conditions and enhancement techniques adopted
in this paper can clearly contribute to the improvement of heat
transfer at the expense of little augment in f under the identical
mass flow rate and show high exergy efficiency. The highest num-
ber appears at Re=8,000.
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NOMENCLATURE

: radius of the long axis [mm]

:radius of the short axis [mm)]

: heat volume of fluid [J-kg 'K ']

: equivalent diameter [m]

: frictional resistance coefficient

: convective heat transfer coefficient [W-m™>-K']
:width of turbulator [mm)]

: electric current [A]

: thermal conductivity of tube [W-m™-K ']
:length [m]

: Nusselt number

: element length of turbulator [mm]

Ap/Al :pressure drop per unit length [Pa-m™']

Q : heat exchange amount []]
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Q : heating power of DC power [J]

Q. : effective heating power of DC power []]
Qus  :heatloss []]

Q, : heat absorbed by nanofluids [J]

Qn  :mass flow rate [kg-s™']
U :voltage [V]

r :radius [m]

Re  :Reynolds number

T : temperature [K]

u :velocity [m-s™']

Z : axial ratios

Greek Symbols

o : thickness [m]

n : thermal efficiency index

A : thermal conductivity of fluid [W-m™"-K ']
y : dynamic viscosity [Pa-s]

Yol : density of fluid [kg-m™’]

0] : mass fraction [%)]

Subscripts

bf : base fluid
in :import

nf : nanofluids
out :outport

w :wall
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