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11 Abstract: For investigating the thermal and hydraulic characteristics of water-based

12 SiO, nanofluids in a triangular tube with different turbulators, an experimental system
13 has been designed and verified in this paper. The effects of different round hole
14  diameters (d=3mm, 4mm, 5mm) and round hole pitch-rows (I=5cm, 10cm, 15cm) of
15  perforated turbulators on the thermo-hydraulic characteristics are researched.
16  Meanwhile, the influences of Reynolds numbers (Re=400-8000) and nanoparticles
17 mass fractions (D-1 water, ©=0.1%, 0.3%, 0.5%) are also studied. These experimental
18  results show that, under the same circumstance, the nanofluids in the triangular tube
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22 adopted. It can be found that the larger the diameter and the smaller the pitch-row of
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Nomenclature 72

A

Ca.zp

cross-sectional area, m? 73 r outside-radius of tube, m
intercept of straight line 74 r’ inner-radius of tube, m
coefficient in equation 75 Re Reynolds number

heat capacity of nanofluids,76 Toy outlet temperature of tube, K
JkgtK™ 77 Tin inlet temperature of tube, K
heat capacity of base fluid,78 T¢ average temperature of
JkgtK™ 79 nanofluids, K

heat capacity of nanoparticles,80 Ty outside surface temperature of
JkgtK™ 81 tube, K

the ratio of heat transfer rates2 T, inside surface temperature of
between enhanced and 83 tube, K

reference  surfaces undergs u velocity of nanofluids, m-s™
identical pumping power 85 Greek symbols

the ratio of heat transfer ratese o thickness of tube,m

between enhanced andg7 7 relative heat transfer
reference surfaces over the ratio 88 enhancement ratios

of friction factor betweeng8s 1 thermal conductivity of tube,
enhanced  and  reference9o w-mtK?

surfaces under identical flow91l u dynamic viscosity, Pa ¢ s

rate 92 ¢ comprehensive  performance
the ratio of heat transfer rate93 index

between  enhanced  and9a p density of fluid, kg-m>
reference  surfaces underos pp, density of nanofluids, kg-m3
identical pressure drop 96 b density of base fluid, kg-m™
diameter of circular hole, mm 97 gy, density of nanoparticle, kg-m
outer diameter of tube, m 98 ¢ volume fraction, %

equivalent diameter of tube, m 99 mass fraction, %

inner diameter of tube, m 100 Subscripts

frictional resistance coefficient 101 mj, m, exponent in equation
convective heat transfero2 in import

coefficient, W-m 2.K™* 103 out  outport

thermal conductivity ofos 0 circular tube

nanofluids, W-m K™ 105 e enhanced tube

slope of straight line 106 nf nanofluids

pitch-row, cm 107 f base fluid

length of tube, m 108 p nanoparticle

Nusselt number 109 P under the same pumping power
pressure, Pa 110 Re under the same Reynolds
pitch of corrugated tube, m 111 number

pressure drop per unit length112 V under the same mass flow rate
Pa-m* 113 Ap under the same pressure drop
heat absorbed by nanofluids, J 114 w wall

mass flow rate, kg-s* 115
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1 Introduction

With the development of technology in heat transfer equipment, conventional
heat transfer medium and smooth tube cannot satisfy with the request of the
increasing heat exchange amount. In order to achieve much higher heat exchange
amount, there is a need to seek new fluid and enhanced tubes.

In recent years, nanofluids have been widely applied in the field of heat
exchange due to their excellent thermal conductivity. For example, full-spectrum
photo-thermal conversion [1, 2], enhanced solar thermal conversion [3],
defects-assisted solar absorption [4], solar steam generation [5, 6], enhanced pool
boiling heat transfer on porous surface [7] and superhydrophilic surface [8], CPU
cooling [9, 10, 11].

As we all know, convection heat transfer is mainly divided into natural
convection and forced convection. For natural convection, a plenty of scholars have
explored it. Shi et al. [12] explored the natural convection of nano-Fe;O,@CNT fluids,
analyzed the influence of different directions and strength of magnetic fields, and
proposed a controllable heat transfer method. Guo et al. [13] used Lattice Boltzmann
Method (LBM) to simulate the natural convection of nanofluids in an enclosed field,
and these results showed that heat transfer characteristics are improved by the
increase of Ra number. Pordanjani et al. [14] explored the nanofluids based on nature
convection in the cavity with various magnetic fields. The consequence revealed that
thermal properties of the material can increase with the increasing magnetic field

angle gradually. Nojoomizadeh et al. [15] researched the FesO4-H,O nanofluids
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flowing through a two dimensional microchannel whose bottom half is filled with
porous medium. These consequences revealed that the heat transfer characteristics
increase with the rising Darcy number in the non-porous region but decrease in the
porous region. Teimouri et al. [16] explored the numerical simulation of laminar
mixed convection in horizontal eccentric annulus. The consequences showed that Nu
numbers augment with the rising of downward eccentricity of inner cylinder.
Sheremet et al. explored the natural convection based on a cavity which is full of
nanofluids. In addition, the effects of the inclination angle [17], Brownian diffusion
and thermophoresis [18] were analyzed. These consequences revealed that the rate of
heat exchange can increase as the growth of inclination angle, and Nusselt numbers
show a decreasing function of the heater size. Miroshnichenko et al. studied the
natural convection of open oblique cavities with heating elements [19] and open
cavities with multiple porous layers [20] which were full of water-based Al,O3
nanofluids respectively. These above-mentioned results showed that the average
Nusselt number with an inclination angle of 7/3 can show the largest value, and it
increases with the volume fraction at Ra=10> when the distance between the first
porous layer and the left vertical wall is smaller than 6<0.1. Pourmehran et al.
explored the effects of external magnetic field [21, 22], rotational Reynolds number
[23] and nanoparticle size [24] on nanofluids. These studies indicated that the large
magnetic field, rotational Reynolds number and small nanoparticle size are helpful to
reinforce the heat transfer. Izadi et al. studied the free convection of nanofluids in a L

shaped cavity [25], a porous undulant-wall enclosure [26], a porous enclosure under
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magnetic fields [27], and between two eccentric cylinders filled with porous material
[28]. Results indicated that larger heat source aspect ratio, smaller Lewis number and
higher magnetic number are beneficial to the heat transfer enhancement. Mahian et al.
[29] used theoretical correlation to explore the heat transfer capability of silica
nanofluids in square and triangle enclosures, and compared the calculated results with
experimental data.

Researchers all over the world have also investigated the forced convection heat
transfer. Shahsavani et al. [30] explored the thermo-hydraulic performance of
non-Newtonian nanofluids in circular tubes and developed their new correlations to
calculate the power law exponent, viscosity exponent and thermal conductivity.
Sheikholeslami et al. explored the forced convection under a magnetic field, and
discussed various influencing factors of heat transfer, which include cubic cavity
driven by a porous cap [31], Lorentz force [32], Kleinstreuer-Li (KKL) model [33],
shape of nanoparticles [34], electric field dependent viscosity [35], porous media
under electric field [36], compound turbulator [37], and hot sphere obstacle [38].
Naphon et al. explored the convection heat transfer in helically corrugated tubes based
on TiO,-water nanofluids [39] and a coil pipe [40, 41, 42] under magnetic field, and
analyzed the effects of pulsating flow frequency [39], magnetic displacement [40],
and magnetic orientation [41] on the convection heat exchange. Also, the forced
convective heat transfer with pulsating nanofluids was explored by applying artificial
neural networks [42]. The above results indicated that additions of pulsating flow and

magnetic field are advantageous to intensify the heat transfer. Zhou et al. [43]
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explored the numerical simulation on the forced convection heat transfer of
nanoparticle-metal fluid in circular tubes. The impacts of Re and volume percentage
of nanoparticle were discussed. It was found that the nanoparticle-metal fluid shows
higher heat exchange performance than that of nanoparticle-water. Sun et al. have
finished a series of experiments on the forced convection heat transfer in external
thread tube [44] and internal thread tube [45] with nanometer refrigerant. The impacts
of various nanofluids as well as nanoparticle mass fractions on the thermo-hydraulic
characteristics were explored, and the conclusion showed that water-based Cu
nanofluids demonstrated an excellent heat transfer characteristic compared with
water-based Al, water-based Al,O3;, and water-based Fe,O3 nanofluids. Also, it was
found that enhanced heat transfer effect in the internal thread tube shows a larger
improvement. Qi et al. experimentally explored the compulsive convection heat
transfer based on nanofluids flow through triangular tubes with turbulator [46, 47],
corrugated tubes under magnetic induction intensity [48] and circular tubes under
magnetic induction intensity [49], circular tubes with rotating turbulators [50],
horizontal elliptical tubes [51], and corrugated tubes [52]. Mohebbi et al. [53]
simulated the forced convection of nanofluids in an extended surfaces channel by
lattice Boltzmann method. It could be found that these tubes and enhanced
technologies tend to reinforce the heat transfer. Minakov et al. [54] studied the forced
convection of silica nanofluids in cylindrical channels and found that the heat transfer
capacity is affected by factors such as nanoparticle size and fluid inlet temperature.

Based on the circular tube with the turbulator, Sundar et al. [55] carried out an
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experimental study on the thermal hydraulic characteristics of alumina nanofluid. It
was found that the Nu number of the nanofluids is increased by 33.51% and the drag
coefficient is increased by 9.6% compared with the deionized water. Man et al. [56]
compared the alternation of clockwise and counterclockwise turbulator and typical
turbulator, and studied their enhancement of heat transfer. It was found that the former
has better heat transfer performance.

The above experts and scholars have explored the enhancement of heat transfer
of nanofluids with different cavities and different working conditions in detail, and
have obtained abundant research results. It can be noticed that researches on
intensified heat transfer tubes are mainly based on round tubes, fluted tubes and
corrugated tubes, but rarely based on triangular tubes. Therefore, the purpose of this
paper is to investigate the effects of round hole diameter and pitch-row on thermal and
hydrodynamic characteristics of nanofluids based on triangular tubes with perforated
turbulator inserted, and apply thermal and exergy efficiency to assess the
comprehensive thermal and hydrodynamic characteristics. The innovation of this
paper lies in two following respects. Firstly, triangular tubes and turbulators are
combined to analyze the thermal and hydraulic characteristics of nanofluids. Secondly,
the working conditions are comprehensively evaluated from thermal efficiency and
exergy efficiency.

2 Experimental method
2.1 Experimental system

Based on the previous analyses, this paper intends to adopt SiO,-H,O nanofluids
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as the heat transfer medium. In the experimental system of this paper, the dispersant
and particle acquisition of nanofluids are independent of each other, so the two-step
method is more suitable. Here the particles selected in this paper are TSP-H10 SiO,
nanoparticles. The particles have a primary particle size of only 20 nm, which makes
it have a strong Brownian motion in the base fluid and reduce the sedimentation
caused by gravity. Meanwhile, the particles have a large specific surface area, and it
means that the particles have a strong surface activity, which makes the particles
prone to agglomeration. Considering above reasons, in the process of preparing the
working fluids, some measures are needed to maintain the stability of the nanofluids.
At present, the commonly used methods are “Static stabilization” [57]. The method
adjusts the pH of the nanofluids by adding an electrolyte solution such as NaOH, so
that the TSP-H10 SiO, nanoparticles have the same kind of electric charge and
mutually repel, thereby reducing agglomeration between particles. Another method is
“Steric hindrance stabilization”. The method is to add surfactants into the nanofluids,
and the surfactant molecules cover the surface of TSP-H10 SiO, nanoparticles to form
a film to increase the repulsive force between the particles, thereby preventing the
development and growth of the particle agglomerates. The last method is “Physical
dispersion”. Ultrasonic vibration, mechanical agitation and magnetic stirring are used
to destroy the agglomeration of nanoparticles and achieve the effect of dispersing
particles.

Fig. 1 represents a two-step process for preparing SiO,-water nanofluids. Firstly,

the dispersant (TDL-ND1, »=6%) is added into the base solution, and it needs to take
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at least 30 minutes to stir the liquids mechanically. Secondly, add nanoparticles
(w=0.1%, 0.3%, 0.5%) and stir the mixture for an hour at least. Then, the pH is
adjusted to 8 with a sodium hydroxide solution, and the liquids still need to be stirred
for 1 hour. Finally, use ultrasonic wave to oscillate the fluids 40 min. After above
steps, stable SiO,-H,O nanofluids with various nanoparticle mass fractions are

prepared successfully (see Fig. 2).

) C“FS(irring
|
|
| ' |
Based-liquid Adding dispersing agent
D-I Water (TDL-ND1)
/’“ﬁ_‘—\
. (\— | ("gtirring
Ultrasonic
waves
Adjusting pH
to 8.0
SiO, - H,0 nanofliuds Adding nanoparticle
(Si0,)

Fig. 1. Procedure of producing SiO,-water nanofluids by a two-step method

Fig. 2. SiO,-water nanofluids at different quiescent time, (a) just prepared, (b)
laying up 10 days, (c) laying up 20 days

After the preparation of stable nanofluids, the stability of the nanofluids is
analyzed, including mechanical agitation and ultrasonic oscillation time, dispersant

dosage and pH value of nanofluids [52]. In the process of preparing nanofluids, the
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mechanical agitation time is at least 150 minutes, in order to fully mix the base liquid,
dispersant and nanoparticles. Meanwhile, the ultrasonic oscillation time is preferably
40 minutes. If the time is too short, the particle dispersion will not be sufficient. If the
time is too long, the fluid temperature will rise and the stability of the nanofluid will
be affected. Fig. 3 shows the change of transmittance with the quiescent time of
nanofluids under different dispersant concentrations and different pH values. It can be
seen that the SiO,-H,O nanofluids exhibit the best stability (lowest transmittance)
when pH=8 and the dispersant concentration m=6 wt%.

In summary, the method for preparing nanofluids has high reliability, and the

prepared working fluids meet the stability requirements of the experiment.

14 1.2 B
— - pH=7 ‘ — - =pH=7 Pt
1.2+ —- pH=8 P - 1.0 — - =pH=8 - -
H=9 . - Lo
<ol O F -7 Q PH=S -
> e < 08 P
Sosf - % R
S - 1 So06F
o6 7 -7 e z e
E . - / — -
o4l ! - G o4 . -
— / .- E . -
|_0.21,“/ =02 ~"
00 (a-1) m=5 wt% 00 (a-2) m=6 wt%
"0 12 24 36 48 60 72 ) 1 24 36 48 60 72
t (h) t (h)
14 14
— . pH=7 - pH=7 _
1.2f —. pH=8 _ 1.2+ pH=8 PR
H=9 - — - pH=9 Lo
S 10t P - S 10t -7 _
P — P - . — -
8 o8t - 8 o8} - -
c 7 c 7 -
] N ] © N -
£ o06F 7 == so06F / _.-
204t . T 2 04f -7
) !~ < RY
= o02p* 02k
00 (a-3) m=7 wt% 00 (a-4) m=8 wt%
' 12 24 %ﬁ 48 60 72 o 12 24 36 48 60 72
t (h) t (h)

10



12 1.0
- -pH=7 - =pH=7 )
10f — - ~pH=8 ~ — - =pH=8 e
— — - =pH=9 ’."/' AO.B*_ - pH=9 ‘/‘/
2\010.8* ‘/_/‘ ‘§ /‘/‘/ "‘/
T e .= T gosp Py e
§0.6k /‘/’_’.—" g ‘/.’ ",/
£ LT o= -~ 1 Eoa 7 _ -7 -7
Soal 4y _ =77 g 1, —
% /-_./‘ % /'_ _.—" -
< 4, = 02f.7 .~
= 02(,.7 e PN
00 1 (b-1)  m=5wt% 00 1 ~ (b-2)  m=6wt%
) 12 24 48 60 72 0 12 24 48 60 72
274 t{hy t{hy
1.0 12
— . pH=7 1 — - pH=7
— - pH=8 Lo 1‘Ok—-pH=8 -
_08r—. pH=9 e | = pH=9 =T
S -7 2R s} -
T 06f -7 P 8 T
s 7 .- _ .= gosl PR A
= 04F 7 T = 2 =T
% =TT 204» b -
S N S X
£ 02p & E 02 ;x’/
00 (b-3) m=7 wt% 00 (b-4) m=8 wt%
0 12 24 %?. 48 60 72 0 12 24 36 48 60 72
275 t(h) t (h)
08 0.8
— . pH=7 7 — . pH=7
— . pH=8 R — - pH=8 R
AO.G»_'pH:Q ‘/,'-‘/ﬁ":"l,_\OGV_ pH=9 ‘/‘/’ _
S S S et
8 ‘/"“/’:/ 8 ""‘/
c et c _T
(‘504» “/;" c504* PPRRC J—
= & = i ="
= . = 2 -
e / e - -
2 - 2 I -7
EO'Z'I EO.ZV//"~/ -
= "‘ [ b/
00 (c-1) m=5 wt% 00 (c-2) m=6 wt%
"0 12 24 48 60 7 0 12 24 48 60 72
276 t{h) t{h
08 1.0
— . pH=7 . — - pH=7
— . pH=8 /-/ — - pH=8 .
06}~ PHO PR P -7
E\C; - - Ea g 2\.1 P -’ - - 7
g S gos —m T
-~ . . -
S04t o -7 8 PR -
=] 7 - L - = R .=
£ ORI EOH T
2 //‘ - - 2 l/
g02r -7 < N
[ ,-"/‘ =021 4
b
00 (c-3) m=7 wt% 00 (c-4) m=8 wt%
) 12 24 48 60 72 0 12 24 48 60 72
277 t{hy t{hy
278 Fig. 3 Transmittance changes with quiescent time of SiO,-water nanofluids under
279 different dispersant concentrations and pH values, (a) ®=0.1%, (b) »=0.3%, (c)
280 0=0.5%
281 After preparing the nanofluids with stable properties, the thermophysical

11



282

283

284
285
286

287

288

289

290

291

292

293

294

295

296

297

298

299

properties of the nanofluids are measured, and the results are compared with the

commonly used experimental correlations. They are shown below (see Fig. 4).
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Fig. 4 Comparison of experimental and theoretical values of thermophysical
properties of SiO,-H,O nanofluids, (a) thermal conductivity, (b) viscosity

Through continuous testing and analysis of experimental data, Maxwell [58] has
obtained an empirical formula for calculating the thermal conductivity of nanofluids:

ke K, +2ke —2p(k; —k,)
ke k,+2k; +o(k, —k,)

(1)

Through the analysis of experimental data, an empirical formula for calculating

the viscosity of nanofluids is obtained [59]:

_ A
(l— (0)2.5

The schematic diagram of the experimental system is exhibited in Fig. 5. From

Mo = (2)

this, it can be seen that the test part is made up of two parts, one is the heat transfer
test section, and the other is the resistance test section. The former is the primary part
in the experimental system, and it consists of triangular tube and perforated
turbulators. The round hole is chosen because the area of the circle is the largest when
the perimeter is the same. Other shapes of holes (such as triangular holes, rectangular

holes) is our follow-up work. The turbulator is placed in the middle of the triangular
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tube and the length is consistent with the length of the tube. The structures of
triangular tube and turbulator are shown in Fig. 6. Resistor wires are wound around
the triangular tube to heat it, which are connected to a DC power. The wall
temperature of the triangular tube is measured by nine T-type thermocouples. In the
meantime, at both ends of the tube, a pair of armored thermocouples (accuracy:
+0.1%) is arranged along the flow direction of the experimental system. The
temperature collected by thermocouple is gathered by Agilent data acquisition system.
Considering the loss of heat dissipation, the triangular tube is wrapped in insulating
cotton. To analyze the heat exchange characteristics of SiO, nanofluids from the flow
view, the pressure difference transmitter is used to calculate the flow resistance. The

cooling of the experimental system is implemented by a cryostat tank.

Flow Meter  Three-way Valve Pump
Temperature Control Tank

Collection Tank Computer

N
Flow Resistance Test Section ‘Q "

S
Pressure Sensor
DC Power
Supply
Triangular Tube
Tow T To e T T Tin
Heat Transfer Test Section Data Acquisition Instrument
Constant Armored ~ Differential pressure  Triangglar tube with a
i ! 3 ~ Computer
temperature bath | —thermocouple | "~ transmitter turbylator inserted i
/ w4

\ 1 1 /’ 1
e .
Y .

Fig. 5. The experimental system: (a) Schematic diagram, (b) Physical diagram
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Fig. 6. The structure of triangular tube and turbulator with round holes, (a) triangular
tube, (b) turbulator with round holes (take d=5mm, I=50mm as example)

2.2 Experimental data processing

The equivalent diameter of the triangular tube can be obtained by the following

formula:
_4AA
de =5 ®3)

And two equations [60] of specific heat and density of nanofluids are given:

¢, =1-@)c, +oc,, (4)

p=W1=-9)p; +pp, (%)
The heat absorbed by the fluids can be calculated as follows:

Qr = Cpm (Tout —Tin) (6)
The following formula is used to calculate the nanofluids temperature flowing

through the tube:

T, +T
Tf — in 2 out (7)

And the following formula is used to calculate the exterior surface average

temperature:

Two = [Zg:Two 179
i=1

(8)

Subsequently, the interior surface formula is obtained:

14



334

335

336

337

338

339

340

341

342
343

344

345

346

347

348

349

350

351

352

353

_ Qf |n(l’0 / I’|) (9)

Twi = Two
2nMl
d _
where r=Ze, 1 =1+,
4
Reynolds number is computed as:
ud
Re = = (10)

Hy
The following method is used to calculate the convective heat exchange

coefficient:

he Qr
ndel (Twi _Tf)

(11)
Lastly, two following formulas are adopted to calculate the Nusselt number and
resistance coefficient [44]:

hd

Nu = ﬂ: (12)
2de Ap
= 07 Al (13)

Adding nanoparticles can augment the whole thermal conductivity and
increase the wviscosity of fluids. To explore the quantity of energy, a
method-comprehensive evaluation index [44] is put forward:

1
()]
Nubf fbf

Considering the quality of energy in the heat transfer in these enhanced tubes,

exergy efficiency criterion is introduced to assess the energy quality based on

nanofluids. The exergy efficiency is calculated as follows [61]:

A

m, m
- R S
3+m, " ¥ 24m, %

where f;(Re)=c,Re™ , Nu,(Re)=c,Re™ , K
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And P refers to identical pump work, Ap refers to the same pressure loss, and V refers
to identical flow velocity.

Take the logarithm of both sides of formula (15):

|n[N“e] b +k In(£] (16)
NUO Re fO Re

where b, =InC,,, b, =InC,,,, b, =InC,,, -1<m, <0, O0<m,<1.

2.3 Uncertainty analysis
To maintain the accuracies at a high level, uncertainty analysis based on the
experimental system is needed. The uncertainty formulas for resistance coefficient

and Nusselt number are as follows [62]:

%=J(5—p>2+(5—')2+(—5q”‘)2 17
p I Om
ONu _ [ 0Q .  ITy, 18
B+ ) (18)

Table 1 exhibits the accuracy of the variables in the experiment. By substituting
above formulas, the uncertainty of drag coefficient and Nu number can be obtained to

be #5.0% and #1.18% respectively, which means that the system has a good

reliability.
Table 1 Accuracies of variables in the experiment
Variables Qs T p Oln |
Uncertainties 15.0% 10.1% 40.5% +1.06% 30.1%

3 Results and discussions
3.1 Experimental system validation
Apart from the uncertainty analysis, the experimental system is needed to be

validated. From Fig. 7, it can be seen the comparison between the theoretical and

16



374 experimental values of Nu and f [60, 63, 64, 65]. According to the results of the

375 comparison, it can be found that the error between the theoretical and the
376 experimental value is tiny, no more than 4%, which indicates that the reliability of the
377 -
experimental setup can be guaranteed.
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379 Fig. 7. Experimental verification, (a) Nu, (b) f

380 3.2 Experimental Results and discussions

381  3.2.1 Nusselt number

382 First of all, it is necessary to explore the effect of turbulator on the heat transfer
383 of SiO,-H,O nanofluids in a triangular tube. Fig. 8 reflects the convective heat
384 transfer capability of working fluids in the triangular tube with or without turbulator.
385 It is easy to find the following conclusions: Three mass fraction nanofluids can
386 augment the heat transfer effect by 11.745%, 13.607% and 16.252% respectively
387 compared with deionized water. The heat transfer effects of working fluids with a
388 turbulator in the triangular tube are 11.26%, 11.97% and 14.32% higher than that of
389 without turbulator. The heat transfer enhancement mechanism of turbulator mainly
390 includes the following two aspects. For one thing, after the turbulator is inserted
391 into the tube, the flow in it changes from the original horizontal flow to a
392

three-dimensional rotating flow. The rotating flow increases the flow path and
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improves the turbulence intensity at the tube wall, which intensifies the disturbance
of the boundary layer. This disturbance promotes the mixing of the boundary layer
fluid with the mainstream, weakens the flow boundary layer, and effectively
strengthens the convective heat transfer. For another, the secondary flow generated
by turbulator is also one of the main reasons for the enhancement of heat transfer.
As early as 1964, Smithberg et al. [66] had proposed that secondary flow can occur
when the fluid was rotating. Due to the existence of the rotating flow, SiO,-H,O
nanofluids are also subjected to centrifugal force. However, because of the viscous
force of the wall, the tangential velocity of the fluid near the wall is lower than that
farther away from the wall, which causes the fluid particles farther away from the
wall to do centrifugal motion, while the fluid particles closer to the wall are
subjected to less centrifugal force and do centripetal motion. The relative motion of
the two types fluid particles leads to the generation of secondary flow and increases

the flow turbulence, which enhances the heat transfer capacity.
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Fig. 8 The change of Nu numbers of SiO,-H,O nanofluids in the triangular tube
with/without a turbulator: (a) laminar flow, (b) turbulent flow

Effects of mass fraction of nanoparticles on Nusselt number of triangular tubes

with perforated turbulators are shown in Fig. 9. It can be noted that Nu always
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augments with the increase of the mass fraction. This phenomenon is mainly caused
by two factors: the nanoparticles' high thermal conductivity and the strong Brownian
motion between particles. Compared to other forces (including gravity and buoyancy,
Stokes force as well as interaction potential force) [67, 68], the role of Brownian force
is dominant. It has been analyzed in our previously published articles that the stronger
the Brownian force, the greater the effect on the thermal boundary layer, which results
in a reduced thermal resistance [67, 68]. As to a triangular tube with perforated
turbulators (round hole diameter d=3mm, d=4mm and d=5mm), the Nu can be

increased by 16.51%, 16.63%, 16.73% at most respectively.
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Fig. 9. Changes of Nusselt numbers with Reynolds numbers, (a) d=3mm, (b) d=4mm,
(c) d=5mm
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427  3.2.1.1 Effect of nanoparticle mass fraction
428 Effects of nanoparticle mass fraction in the triangular tube with internally
429 inserted turbulators on the heat transfer of working fluid are studied. For triangular
430 tube with a perforated turbulator that diameter d=3mm in Fig. 10, the effect of heat
431 transfer is the best obviously when the mass fraction is 0.5%. Nanofluids with ©=0.5%
432 can enhance the heat transfer by 16.51%, 16.49%, 16.48% in different round hole
433 pitch-rows (I=5cm, 1=10cm, 1=15cm) at most compared with D-1 water respectively.
3% For triangular tube with a perforated turbulator that diameter d=4mm in Fig. 11,
435 nanofluids with ©=0.5% can enhance the heat transfer by 16.63%, 16.62%, 16.59% in
436 gifferent round hole pitch-rows (I=5cm, I=10cm, I=15cm) at most
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439 Fig. 10. Effects of nanoparticle mass fractions on Nusselt numbers of triangular tube,
440 d=3mm: (a) I=5cm, (b) I=10cm, (c) I=15cm
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Fig. 11. Effects of nanoparticle mass fractions on Nusselt numbers of triangular tube,
d=4mm: (a) I=5cm, (b) I=10cm, (c) I=15cm

compared with D-I water respectively. For triangular tube with a perforated turbulator
that diameter d=5mm in Fig. 12, nanofluids with »=0.5% can enhance the heat
transfer by 16.73%, 16.71%, 16.66% in different round hole pitch-rows (I=5cm,
I=10cm, I=15cm) at most compared with D-I water.

In a word, under different conditions, the maximum heat transfer efficiency
occurs when the mass fraction reaches the highest, which can enhance the heat
transfer by 16.73% at most. This is mainly because the higher the mass fraction, the
more intense the Brownian motion for nanoparticles. The strong Brownian motion can
destroy the thermal boundary layer generated in the forced convection process.

Therefore, the thermal resistance caused by thermal boundary layer is weakened.
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Furthermore, nanoparticles also increase the overall thermal conductivity, and then

improve heat transfer effect of nanofluids. Meanwhile, from Figs. 10-12, it is not

difficult to find that heat transfer intensity of turbulent flow is significantly higher

than laminar flow. This is mainly due to the slow flow velocity and weak convective

heat transfer capacity in laminar flow, and in this case, heat conduction dominates the

heat transfer. However, as the flow velocity augments, the convective heat transfer

capacity is gradually improved, and irregular movement of nanoparticles is gradually

intensified, which can further damage the thermal boundary layer, as well as improve

the heat transfer.
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Fig. 12. Effects of nanoparticle mass fractions on Nusselt numbers of triangular tube,
d=5mm: (a) I=5cm, (b) I=10cm, (c) I=15cm
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3.2.1.2 Effect of round hole diameter

Effects of round hole diameter (d=3mm, d=4mm, d=5mm) on the heat transfer

characteristics of the working fluids in the triangular tube with perforated turbulators

and mass fractions of nanoparticles are researched, too. From Figs. 13-15, it is

observed that d=5mm exhibits the superior heat transfer capacity.
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Fig. 13. Effects of hole diameters on Nusselt numbers of triangular tube, I=5cm: (a)
=0%, (b) »=0.1%, (c) ©=0.3%, (d) »=0.5%

For the triangular tube with a perforated turbulator of round holes pitch-row

I=5cm in Fig. 13, nanofluids with various mass fractions (w=0 %, 0.1%, 0.3%, 0.5%)

can improve the heat transfer by 6.478%, 6.424%, 6.456%, 6.498% at best when

d=5mm compared with that when d=3mm respectively. For the triangular tube with a

perforated turbulator of round holes pitch-row 1=10cm in Fig. 14, it can enhance the
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heat transfer by 6.167%, 6.215%, 6.248%, 6.259% at best when d=5mm compared
with that when d=3mm respectively. For the triangular tube with a perforated
turbulator of round holes pitch-row I1=15cm in Fig. 15, it can enhance the heat transfer
by 6.092%, 6.091%, 6.119%, 6.201% at best when d=5mm compared with that when

d=3mm respectively.
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Fig. 14. Effects of hole diameters on Nusselt numbers of triangular tube, I=10cm: (a)
=0%, (b) »=0.1%, (c) ©=0.3%, (d) »=0.5%

Therefore, the turbulator with the largest diameter round hole (d=5mm) can
augment the heat transfer by 6.498% at most in comparison to the turbulator with
d=3mm. This is because when the aperture ratio of the turbulator is at a low level (the
maximum of aperture ratio in this paper is less than 5%, which is in accordance with

the concept of low aperture ratio), the holes on the turbulator can promote heat
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transfer. As mentioned above, the turbulator causes the flowing fluid to form a
rotating flow and a secondary flow, and then promotes heat transfer. However, for a
turbulator with round holes, it increases the turbulence of the rotating flow, so that the
disturbance of the wall boundary layer is more obvious. On the other hand, it makes
the trajectory of the mainstream particles more complicated, which strengthens the
secondary flow. Therefore, when the aperture ratio is low, the larger hole diameter
leads to the larger the influence range of the hole and the more obvious the influence

on the rotating flow and the secondary flow, that is, the heat transfer can be promoted.
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Fig. 15. Effects of hole diameters on Nusselt numbers of triangular tube, I=15cm: (a)
=0%, (b) »=0.1%, (c) ©=0.3%, (d) »=0.5%

3.2.1.3 Effect of round hole pitch-row

Similarly, effects of round hole pitch-rows (I=5cm, 1=10cm, 1=15cm) on heat
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transfer are researched. Figs. 16-18 show the effects of round hole pitch-row on the
Nusselt number with different nanoparticle mass fractions (w=0%, 0.1%, 0.3%, 0.5%).
It is found that the triangular tube with turbulators containing a round hole pitch-row
I=5cm has the largest enhancement ratio on heat transfer, followed by the round hole
pitch-row 1=10cm, and the triangular tube with a round hole pitch-row I=15cm shows
the least enhancement ratio on heat transfer. Obviously, the mechanism of round hole
pitch-row for heat transfer enhancement is similar to that of round hole diameter.
When the aperture ratio is low, the smaller the hole pitch-row leads to the larger
influence range of the hole and the more obvious the influence on the rotating flow

and the secondary flow, that is, the heat transfer can be promoted.
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Fig. 16. Effects of hole pitch-row on Nusselt numbers of triangular tube, d=3mm: (a)
=0%, (b) ©=0.1%, (c) ©=0.3%, (d) ®=0.5%
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The specific results are as follows: With round hole diameter d=3mm in Fig. 16,
the triangular tube with a perforated turbulator that round hole pitch-row I=5cm can
enhance the heat transfer by 8.847%, 8.923%, 8.931%, 8.947% at best compared with
that with a round hole pitch-row I=15cm when »=0%, 0.1%, 0.3%, 0.5%. For the
round hole diameter d=4mm in Fig. 17, the triangular tube with a turbulator
containing a round hole pitch-row I=5cm can augment the heat exchange by 9.923%,
9.710%, 9.981%, 10.002% at best compared with that with a round hole pitch-row
I=15cm when »=0%, 0.1%, 0.3%, 0.5%. For round hole diameter d=5mm in Fig. 18,
the triangular tube with a round hole pitch-row I=5cm can enhance the heat transfer

by 10.321%, 10.574%, 10.812%, 11.309% at best compared with that with a round
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Fig. 17. Effects of hole pitch-row on Nusselt numbers of triangular tube, d=4mm: (a)
=0%, (b) ©=0.1%, (c) ©=0.3%, (d) ®=0.5%
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hole pitch-row I=15cm when w=0%, 0.1%, 0.3%, 0.5%.

3.2.2 Resistance coefficient

Regardless of nanofluids or turbulators, not only the heat transfer capacity is

improved, but also the flow resistance is affected by them. Compared with the single

triangular tube in the Fig. 19, the insertion of the turbulator has a greater influence on

the flow characteristics. When the mass fractions are 0.0wt%, 0.1wt%, 0.3wt% and

0.5wt%, the flow resistance can be increased by 19.34%, 20.49%, 22.25%, and 22.28%

respectively. The following is an explanation for this phenomenon. From the previous

analysis, it has been known that turbulators cause the fluid to produce a rotating flow

and a secondary flow. These two kinds of flow not only improve the heat transfer
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effect, but also increase the flow resistance. The rotating flow increases the flow path
of the fluid and exacerbates the friction of the fluid with the tube wall and the
turbulator. Besides, the probability of collision between the nanoparticles and the tube
wall is also increased by the rotating flow. And the secondary flow intensifies the
collision of the fluid itself, and results in a loss of kinetic energy of water molecules

and nanoparticles, which causes the increase of flow resistance at the macroscopic

level.
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Fig. 19 Changes of flow resistance f of SiO,-H,O nanofluids with Re in the triangular
tube with/without turbulator

The relation between mass fraction of nanoparticles and resistance coefficient is
also explored in this paper. This relation is revealed in Fig. 20 based on the triangular
tube with perforated turbulators (round holes diameter d=3mm, d=4mm and d=5mm).
It can be noted that as the mass fraction augments, the resistance coefficient increases
gradually. However, due to the different densities between nanoparticles and water,
there is a disparity between them in the velocity of flow, which leads to the generation
of resistance. In addition, as the augment of nanoparticles mass percentage, the liquid
viscosity increases and leads to an increase in resistance coefficient. Therefore, a great

resistance coefficient is mainly caused by the large viscosity.

29



572

573

574
575

576

577

578

579

580

581

582

583

584

585

® Water+Triangular tube with turbulator ® Water+Triangular tube with turbulator
0.16 | A »=0.1%+Triangular tube with turbulator 016 L A »=0.1%+Triangular tube with turbulator
v »=0.3%+Triangular tube with turbulator ‘ ¥ »=0.3%+Triangular tube with turbulator
0.14 | ‘ < »=0.5%+Triangular tube with turbulator 0.14 | ’ <4 =0.5%+Triangular tube with turbulator
3 = Water & I=5cm < Water & I=10cm m Water & I=5cm < Water & 1=10cm
012 F ‘ ® ©»=0.1% & I=5cm » ©=0.1% & |=10cm 0.12 _! ® »=0.1%&I=5cm > ©=0.1% & I=10cm
A »=03%&I=5cm @ ©®=0.3% & |=10cm A ©=0.3% &I=5cm & ©=0.3% & |=10cm
0.10 l v ©=03%&I=5cm ® ©=0.5% & I=10cm 0.10 | ‘ v ©=03% &I=5cm & ©=0.5% & I=10cm
1 ® Water & I=15cm = ® Water & I=15cm
Y= 0.08 |- ‘ * ©=0.1% & |=15cm| 4= 0.08 - ’ * ©=0.1% & I=15cm
® »=03% & I=15cm i ¥ ® »=0.3% & |=15cm
006 § g g 5 g I ©=05% & I=15cm 006  § g i g - ©=05% & I=15cm
0.04 ' g 5 H ] 0.04 | v o g i
L
0.02 0.02
(a) (b)
000 1 1 1 1 1 1 1 1 000 1 1 1 1 1 1 1 1
0 1000 2000 3000 400(h 5000 6000 7000 8000 9000 0 1000 2000 3000 400?? 5000 6000 7000 8000 9000
(] e
0.18 - -
® \Water+Triangular tube with turbulator
016 L A ©=0.1%-+Triangular tube with turbulator
¥ ®=0.3%+Triangular tube with turbulator
0.14 | I <4 =0.5%+Triangular tube with turbulator
3 m Water & I=5cm <« Water & I=10cm
012| § ® w=0.1% & I=5cm » ©=0.1% & |=10cm
A ©»=0.3% & I=5cm & ©=0.3% & |=10cm
0.10 | ‘ v ©=0.3% & |=5cm e ©=0.5% & |1=10cm
- ® Water & I=15cm
Y= 0.08 |- ! ‘ * ©=0.1% & |=15cm
9 »=0.3% & I=15cm
o6  § : B § ; P ®=05% & I=15cm
1 1 b
0.04 - § i g : ﬁ
0.02
A )

0.00
0 1000 2000 3000 400??65000 6000 7000 8000 9000

Fig. 20. Changes of resistance coefficient with Reynolds numbers, (a) d=3mm, (b)
d=4mm, (c) d=5mm

3.2.2.1 Effect of nanoparticle mass fraction
From Figs. 21-23, it can be found as follows: For the triangular tube with a
perforated turbulator (round holes diameter d=3mm), nanofluids with »=0.5% can
bring about the increase of resistance coefficient by 10.193%, 10.503%, 11.230% at
most compared with D-1 water when I=5cm, 10cm, 15cm respectively. For the
triangular tube with a perforated turbulator (round holes diameter d=4mm),
nanofluids with ©»=0.5% can bring about the increase of resistance coefficient by
10.458%, 10.763%, 11.375% at most compared with D-I water when I=5cm, 10cm,
15cm respectively. For the triangular tube with a perforated turbulator (round holes

diameter d=5mm), nanofluids with ®»=0.5% can bring about the increase of
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resistance coefficient by 11.102%, 11.379%, 11.861% at most compared with D-I

water when I=5cm, 10cm, 15cm respectively.

These phenomena are mainly caused by two factors: Firstly, as mentioned above,
the mass difference between nanoparticles and water molecules results in the velocity
difference when they flow, and the velocity difference increases the friction, and lastly
increases the viscosity. Secondly, flow in the tube is forced convection, and
nanoparticles will aggravate the friction between fluid and tube, and thereby increase
the resistance coefficient. In the meantime, the higher the mass percentage is, the

more obvious the enhancement effect of above two factors on the resistance

coefficient can be.
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Fig. 21. Effects of nanoparticle mass fractions on resistance coefficient of

triangular tube, d=3mm: (a) 1I=5cm, (b) 1=10cm, (c) I=15cm
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3.2.2.2 Effect of round hole diameter

Effects of round hole diameter on the flow performance are investigated. From
Figs. 24, 25 and 26, it can be discovered that the hole diameters (d=3mm, d=4mm,
d=5mm) have an impact on the resistance coefficient. When the fluid flows in a tube
with a turbulator, it produces a rotating flow and a secondary flow, and both of them
affect the increase of the flow resistance. Their specific mechanism of affecting flow
resistance has already been mentioned. For a turbulator with round holes, when the
aperture ratio is at a low level, these holes strengthen the intensity of the rotating flow
and the secondary flow generated by the turbulator, and then make the flow resistance
larger. And as the hole diameter increases, the range of influence of the hole will also
increase, and accordingly, the increase in flow resistance will be more obvious.

For the triangular tube with a perforated turbulator (round holes pitch-row
I=5cm), the holes diameter d=5mm can bring about the increase of resistance
coefficient by 9.102%, 9.188%, 9.274%, 9.302% at most when »=0%, 0.1%, 0.3%,
0.5% respectively. For the triangular tube with a perforated turbulator (round holes

pitch-row 1=10cm), the holes diameter d=5mm can bring about the increase of
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resistance coefficient by 8.881%, 8.932%, 8.947%, 8.981% at most when »=0%,
0.1%, 0.3%, 0.5% respectively. For the triangular tube with a perforated turbulator
(round holes pitch-row I=15cm), the holes diameter d=5mm can bring about the
increase of resistance coefficient by 8.450%, 8.579%, 8.704%, 8.794% at most when

®=0%, 0.1%, 0.3%, 0.5% respectively.
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639  Fig. 26. Effects of hole diameters on resistance coefficient of triangular tube, 1=15cm:
640 (@) w=0%, (b) ®=0.1%, (¢) ®=0.3%, (d) ©=0.5%
641  3.2.2.3 Effect of round hole pitch-row
642 Effects of round hole pitch-rows (I=5cm, 1=10cm, I=15cm) on the flow
643  performance are also studied. Figs. 27, 28 and 29 show the effects of round hole
644  pitch-row on the resistance coefficient with different nanoparticle mass fractions
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(w=0%, 0.1%, 0.3%, 0.5%) respectively. It can be found that triangular tube with a
turbulator containing round holes with pitch-row I=5cm exhibits the largest resistance
coefficient, which is followed by the round hole pitch-row 1=10cm, and the triangular
tube with a turbulator containing round holes with pitch-row I=15cm exhibits the
smallest resistance coefficient. The reason for this experimental phenomenon is
similar to round hole diameter. When the aperture ratio is low, the smaller the hole
pitch-row, the larger the influence range of the hole, and the more obvious the
influence on the rotating flow and the secondary flow, that is, the resistance
coefficient can be increased. The specific results are as follows:

With round hole diameter d=3mm, the triangular tube with round hole pitch-row
I=5cm can increase the resistance coefficient by 10.047%, 10.172%, 10.236%, 10.548%
at best compared with round hole pitch-row I=15cm when w=0%, 0.1%, 0.3%, 0.5%.
With round hole diameter d=4mm, the triangular tube with round hole pitch-row
I=5cm can increase the resistance coefficient by 10.647%, 10.912%, 11.114%, 11.370%
at best compared with round hole pitch-row I=15cm when w=0%, 0.1%, 0.3%, 0.5%.
With round hole diameter d=5mm, the triangular tube with round hole pitch-row
I=5cm can increase the resistance coefficient by 11.279%, 11.492%, 11.948%, 12.400%

at best compared with round hole pitch-row I=15cm when »=0%, 0.1%, 0.3%, 0.5%.

36



0.16

0.14

0.12

0.10

0.06

0.04

0.02

> o nm

1=5cm+0.1%
1=10cm+0.1%
1=15cm+0.1%

(b)

00
0

0.18

1000 2000 3000 400& 5000 6000
€

7000 8000 9000

0.16 -

0.14 -

0.12 -

0.10 -

0.06 |

0.04 -

0.02 -

>e

pom
on
on
on
on
on
1]

I=5cm+0.5%
1=10cm+0.5%
I=15cm+0.5%

(d)

00
0

1000 2000 3000 400&65000 6000 7000 8000 9000

(@) w=0%, (b) ®=0.1%, (¢) ®=0.3%, (d) ©=0.5%

0.18
016 = |=5cm+water
' e |=10cm+water
014 ™ A |=15cm+water
[ ]
012 4
0.10 |
n
Y
oosl 2%
| |
0.06 | s ; -
n |
,l 2 2 : u n
0.04 2 s 1
0.02
(a)
000 1 1 1 1 1 1 1 1
0 1000 2000 3000 400& 5000 6000 7000 8000 9000
663 €
0.18
016 = |=5cm+0.3%
' . e [=10cm+0.3%
0.14 | 4 |=15cm+0.3%
2
0.12 F
010 m
(Y=
0.08 |- 2
| |
| |
0.06 - o HE-
2 2 ; n -
004 b : 3 3
0.02
(c)
00 1 1 1 1 1 1 1 1
0 1000 2000 3000 400&2 5000 6000 7000 8000 9000
664 e
665
666
0.18
016 = |=5cm+water
' e |=10cm+water
014} " A |=15cm+water
[ ]
012} 4
010+ g
Y [ ]
008} 4
t
0.06 - [
F ] 2 13 ]
2 2
0.04 - | S |
0.02 -
()
00 ) ) ) ) ) ) ) )
0 1000 2000 3000 4ooh 5000 6000 7000 8000 9000
667 e

37

Fig. 27. Effects of hole pitch-row on resistance coefficient of triangular tube, d=3mm:
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669 Fig. 28. Effects of hole pitch-row on resistance coefficient of triangular tube,
670 d=4mm: (a) @=0%, (b) ©=0.1%, (c) »=0.3w%, (d) »=0.5%
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673 Fig. 29. Effects of hole pitch-row on resistance coefficient of triangular tube,
674 d=5mm: (a) ®=0%, (b) ©=0.1%, (¢) ©=0.3%, (d) »=0.5%

675  3.2.4 Thermal efficiency evaluation
676 According to the above, it can be seen that for one thing, nanoparticles and
677  turbulators in triangular tube can enhance heat transfer. For another, they can bring

678  about a greater pressure drop. In order to consider this experiment in a comprehensive
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perspective, this paper adopts a comprehensive evaluation index to calculate the
experimental data in detail according to the formula (14). The effects of round hole

diameter and round hole pitch-row on the comprehensive performance evaluation

index are given respectively by Fig. 30.
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Fig. 30. Effects of round hole diameter on thermal efficiency evaluation index: (a)
I=5cm, (b) 1I=10cm, (c) I=15cm

It can be seen from the figure that, the index increases firstly with the increase of
Re number, and then decreases with it. The maximum value of this index appears near
Reynolds number Re.=6000. When Re.<6000, nanoparticles and the structure would
bring about less resistance loss and can effectively enhance the heat transfer.
Nevertheless, when Re.>6000, to achieve enhanced heat transfer, more pressure drop

needs to be wasted. Besides, these results reveal that the index increases with the
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increasing round hole diameter and decreasing round hole pitch-row. It is because that
large size and number of round holes can cause higher turbulence and then improve
heat transfer. At the same time, the results reveal that the index of d=5mm is the
largest one as well as d=4mm follows it, and the index of d=3mm is the smallest. The
index of liquids (w=0.5%) with turbulators containing round holes with diameter
d=5mm can reach 1.59, 1.55, 1.52 at most compared with D-I water in circular tube
when I=5cm, 1=10cm, [=15cm.
3.2.5 Exergy efficiency evaluation

The thermal efficiency evaluation can only evaluate the economic efficiency of
the cooling system. Thus, there is a method to explore exergy efficiency to reflect the
quality of energy. Fig. 31 reflects the exergy efficiency of enhanced tube with
turbulators based on equation (16). Through theoretical analysis, it is easy to find that
the entire coordinate system is divided into four regions (I, II, III, IV) by three
boundary lines. Area I indicates that the working conditions in this area can intensify
the heat transfer when the mass flow rate is identical. Area II indicates that the
conditions in this area can intensify the heat transfer when the pumping power is
identical, while they can weaken the heat transfer when the mass flow rate is the same.
Area III indicates that when the differential pressure is identical, the working
conditions in this area can intensify heat transfer, but those begin to be weakened
when the pumping power is the same. Area IV indicates that the working conditions in
this area can weaken the heat transfer as the differential pressure is identical. In Fig.

31, all points of this experimental system are in Area I and II, which means that when
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Fig. 31. Effects of round hole diameter on exergy efficiency evaluation index, (a)

In the exergy efficiency region, all working points above-mentioned are
exhibited. Results indicate that all the working conditions are advantageous to
enhance the heat transfer performance. Fig. 32 shows the slope of each point
above-mentioned in a histogram. It is shown that for three different conditions, the
exergy efficiency increases with mass fraction, and nanofluids have the highest exergy
efficiency when »=0.5%, which means that nanoparticles are advantageous to

enhance exergy efficiency. Also, the maximum of it can be got when the Re reaches

6000.

1

25

f/f,

I=5cm, (b) I=10mm, (c) I=15mm
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Fig. 32. The slopes of results in Fig. 31, (a) I=5cm, (b) I=10mm, (c) I=15mm

4 Conclusions

In this paper, the effects of turbulators containing various diameter and pitch-row
round holes on the thermal and hydraulic characteristics of nanofluids in a triangular
tube are explored. At the same time, the following conclusions can be obtained:

(1) Nu numbers always augments with nanoparticle mass fractions. High fraction
can enhance the heat transfer by 16.73% most.

(2) Triangular tube with turbulator containing round holes with diameter d=5mm
shows the largest heat transfer enhancement ratio. It can improve the Nu by 6.498%,
6.259%, 6.201% at most when I1=5cm, I=10cm, 1=15cm compared with round hole
diameter d=3mm respectively.

(3) Triangular tube with round hole pitch-row I=5cm has the largest heat transfer
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enhancement ratio. Triangular tube with turbulator containing round holes with
pitch-row I=5cm can improve the Nu by 8.947%, 10.002%, 10.504% at best when
d=3mm, d=4mm, d=5mm compared with round hole pitch-row I=15mm respectively.

(4) Thermal efficiency (comprehensive evaluation index) augments with Re at
the beginning, and subsequently declines with Re. The highest thermal efficiency
occurs near Re=6000, which is mentioned as the critical Re above.

(5) Thermal efficiency augments with the increasing round hole diameter and the
decreasing round hole pitch-row. The index in the triangular tube can reach 1.59 at
most.

(6) Most working conditions show excellent exergy efficiency when the mass
flow rate is uniform. The max value can be reached when Re=6000 and »=0.5%.
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